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Herein, we report the structural, morphological, and chemical properties of the electrochemically
grown Co%-doped magnetite (Co-Fe304) nanoparticles onto functionalized graphene oxide layers
(Co?*-doped iron oxide@f-GO composite). The deposition process is done at the galvanostatic mode
in the two-electrode system by applying the constant current density of 5 mA cm-2 The fabricated
Co?*-doped iron oxide@f-GO composite is characterized via Scanning Electron Microscopy, energy
dispersive X-ray analysis, Fourier Transform Infrared Spectroscopy (FTIR), Transmission Electron
Microscopy (TEM), and X-Ray diffraction analysis. TEM observation revealed that Co-Fe304 has fine
particle morphology with size of 5-10 nm. The FTIR data proved the graphene-based chemical nature
of the fabricated composite. The superparamagnetic nature of the prepared composite is proved by
vibrating sample magnetometer tests, which verified that the prepared metal-cation doped Fe304
nanoparticles grown onto functionalized GO layers could be an interesting candidate for further
manipulations for biomedical aims such as drug delivery, magnetic resonance imaging, and

hyperthermia.

1. Introduction

Many applications benefit from the physico-chemical
characteristics of superparamagnetic iron oxide (SPIO).
Many of these uses focus on the use of SPIO for theragnostic
and diagnostic aims. The superparamagnetic abilities of
SPIOs provide their suitable performances in MRI, magnetic
hyperthermia, and targeted drug delivery applications [1].
The incorporation of SPIO into a drug carrier and/or
modifications on their surfaces enable them to be targeted
to many different tumor tissues such as brain cancer, breast
cancer, prostate cancer, and bone cancer [2]. The using SPI1O
in biological applications may has have major drawback
such as its instability and tendency to form aggregates via
interaction in aqueous environments (i.e. van der Waals
interaction) causing their incompatibility with physiological
mediums [3]. Doping of SPIO by some suitable cations may
favor magnetic dipolar interactions between particles,
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where these interactions may change SPIOs intrinsic
magnetic characters [4]. Also, the formation of bigger
aggregates may increase the risk of recognition by the
reticuloendothelial system (RES) [5].

It is well known that thermal treatment of as-prepared
spinel ferrite nanoparticles at high temperatures can reduce
the surface disorder and improve the magnetic properties,
but this leads to significant grain growth [6,7]. Several
papers were devoted to studying the changes of the
physical-chemical and especially magnetic properties of
spinel ferrite nanoparticles through effects of method of
synthesis, which are associated with phase and size changes
during thermal treatment [8,9]. On the other hand,
compositing spinel ferrites with graphene oxide and doping
with metal cations can modify their magnetic characteristics
by directly affecting the magnetic anisotropy constant [10-
12]. For example, doped Co?* ions in Fe304 are in a charge
state of 2 + and substitute the Fe?* in the B site of Fe304. All
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the films exhibit room temperature ferromagnetism. Co%*
doping changes the coercivity and reduces saturation
magnetization. The density of states near the Fermi level is
reduced by Co2+ doping due to the decrease of Fe2+ in the B
site, which might responsible for the decrease in
conductivity and magnetoresistance of Co-doped Fes304
[12,13]. Therefore, many studies have been focused on
increasing the bioavailability and biodistribution of SPIOs
by proper structural and surface modifications as well as
composition with graphene materials, which enhance their
magnetization and stability without losing their natural
properties. Metal-ion doping the surface of SPIO with a
biocompatible polymer is one of the most common ways to
achieve this purpose. The usual synthetic routes for SPIOs
vary from physical to chemical methods. Nevertheless, there
are also a few studies showing that they can be synthesized
by electrochemical route [14].

In this paper, we report Co?*-doped magnetite (Co-
Fe304) nanoparticles onto functionalized graphene oxide
layers (Co?*-doped iron oxide@f-GO composite) through
cathodic deposition route. The morphological, structural,
and magnetic characteristics of the obtained Co2*-doped
iron oxide@f-GO composite were respectively investigated
through different techniques of SEM, XRD, FT-IR, and VSM.

2. Experimental

2.1.Starting Materials

For preparation of deposition bath, the following
chemical compounds were used:

(1) Cobalt nitrate hexahydrate [Merck, Co(NO3)2.6H20,
99.99%],

(if) Iron (II) chloride tetrahydrate (Merck, FeCl2-4H:0,
99%],

(iii) Iron (III) nitrate nonahydrate [Merck, Fe(NOs)s.
9H:0, 99.9%)]

(iv) functionalized graphene oxide [f-GO, from IRRIP
company].

2.2.Composite preparation

Electro-chemical synthesis from an aqueous solution
containing dispersed functionalized GO was used to
prepare composite. The electrochemical cell was 200 ml
beaker, where two stainless steel (S5321) plates were put
parallel in it. Then, 100 ml bath deposition was prepared as
follow: 5mg f-GO powder was first added into deionized
H20 and sonicated for 6h; purchased salts (i.e. 5mg
FeCl2:4H20, 30mg Fe(NOs3)s. 9H20, and 2mg
Co(NO3)2.6H20) were then added into the dispersed f-GO
powder solution and stirred at 25 °C for 12h. The Electro-
chemical syntheses were run in the current density of 5 mA
cm~2 for 25 min. At the end of each run, the black thin film
deposited onto SS321 was removed from the steel surface.
The obtained powder was dried at 100 °C for 2h. After that,

the obtained black powder named as CoZ2*-doped iron
oxide@f-GO composite.

2.3. Composite characterization

The magnetic data and the magnetization hysteresis
curve for the prepared Co?*-doped iron oxide@f-GO
composite were obtained through vibrating sample
magnetometer (VSM, Model: Lake Shore 7400). The crystal
structure of sample was determined by powder X-ray
diffraction (XRD, a Phillips PW-1800 diffractometer with
Co Ka radiation (A=1.789 A)). Morphological images of the
prepared Co2*-doped iron oxide@f-GO composite were
provided by scanning electron microscopy instrument
(SEM, Model ZEISS with accelerating voltage of 100 kV).
The FT-IR spectrum of the fabricated composite was
recorded by a Bruker Vector 22 Fourier transformed
infrared spectroscope.

3. Results and discussion

SEM images and elemental analysis of the fabricated

Co?*-doped iron oxide@f-GO composite are shown in
Figure 1. For the fabricated composite, two types of
morphologies are observed in Figs. (1la and b) which
included particle morphology related to the Co-Fe304 and
the layered morphology due to the f-GO content of the
fabricated Co%*-doped iron oxide@f-GO composite.
The EDS data of the composite is demonstrated in Figs. 1c
and d. As seen in Fig. 1c, this sample includes the carbon
content in its composition revealing the graphene content
of the Co-doped iron oxide@f-GO composite. As seen in
Table presented as Fig. 1d, the composite powder has
elemental weight percentages of 13.46% carbon and 9.83
% Co, 16.67 % O, and 59.92 %Fe. This data is comparable
with those reported in Ref. [15] for Co%*-doped iron oxide
(i.e. 65.25 wt% iron, 9.85 wt% Cobalt, and 26.90 wt%
Oxygen). Hence, the iron oxide core of the fabricated
composite is confirmed through the presence of Fe and O
elements in Fig. 1c. The cobalt presence (i.e. 9.83%)
supports its cations doping into Fe304 structure during the
synthesis. Also, the f-GO presence within the composite
product, which has been resulted from the 13.46% C
content of the final composite.

TEM image presented in Fig. 1e revealed that Co-Fe304
has fine particle morphology with size of 5-10 nm.
Furthermore, the plate-like morphology is also observed
for the graphene oxide (GO), where Co-Fe304 particles have
been deposited onto these plates (Fig. 1e). These evidences
clearly verified the fabrication of the Co-Fes04
nanoparticles deposited onto carboxylic-functionalized GO
composite through our simple applied electrochemical
strategy.
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Fig. 1. (a,b) SEM images, (c,d) EDS, and (e)TEM image of the synthesized Co-Fe304 deposited onto functionalized GO.

FT-IR spectrum of the Co-Fes04 particles deposited onto
carboxylic-functionalized GO is shown in Fig. 2. The IR
bands below 700 cm is due to the metal-oxygen vibration
bands [16,17]. There are two distinct bands at 571-575 cm-
1and 442-447 cm'1, which are related to the Fe-O-Fe and/or
Fe-0-Co vibrations [16,17]. Also, for both samples, the
broad band at 3400-3450 cm™! is related to the vibration
mode of OH groups attached onto the Co%*doped Fe304 [17]
and the absorption peaks at 1629-1632 cm™! is originated
from the stretching vibration of water molecules linked
into the Fe304 surface [16]. Notably, IR peaks of the nitrate
and carbonate ions are observed at 1510, 1379, and 1272
cm! [16,17]. The abortions at the wavenumbers of 950-
1300 cm-, 1400-1550 cm-!, and 2800-2950 cm-! are
related to the graphene part of the fabricated composite.
The absorption band at about 1540 cm-! is clearly due to
the skeletal vibration of the graphene layers [18].
Furthermore, the C-O-C at 1122 cm! [18], C-H bending
vibrations at 1341 cm-! and 1384 cm~1[19], C-H stretching
at 2854 cm-! and 2920 cm-1[20], C=C stretching at 1625
cm-1[20], and C-O-H stretching at 1453 cm-! and 3436 cm-
1[22,23] are observed. The IR results proved the graphene-
based chemical nature of the fabricated composite.
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Fig. 2. FT-IR spectrum of the Co-Fe304 deposited onto carboxylic-
functionalized GO.

XRD pattern of the fabricated composite is given in Fig.
3. In this pattern, several XRD diffractions are observed at
2tetha of 19.26°, 28.89°, 32.550, 42.45°, 53.77°, 56.22°,
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62.94 0, and 74.13°, which are related to the miller indices
of (111), (220), (311), (400), (422), (511), (440),and (622).
The XRD pattern of the prepared composite is completely
matched with those of magnetite phase of Fe304 (JCPDS
number of 01-088-0315) [17,20]. This finding supported
that Co2+-doped iron oxide has spinel crystal structure with
the cubic Fd3'm space group. In this structure, Fe?* is
bonded to four equivalent 0?~ atoms to form FeO,
tetrahedra that share corners with twelve equivalent FeOg¢
octahedra. Notably, some of the Fe2+ cations have been
replaced by doped Co?* cation in the tetrahedral position
[15,16]. Hence, the XRD pattern of the composite has no
change with cobalt doping into the magnetite crystal
structure. Also, there is a diffraction peak at 26=13.5¢,
which is due to the graphene oxide [20,21]. Hence, the
fabrication of cobalt cations doped Co%*-doped Fe30:@f-GO
composite is verified through this XRD pattern. [t should be
noted that Co?* doping into the Fe30as in the presence of
graphene layers has no change in its crystal structure. The
average crystallite size (D) was calculated from the
diffraction line-width of XRD patterns, based on Scherrer's
relation (D=0.9A/ cos (6)), where, 8 is the full width at half
maxima (FWHM) of the (311) peak. The average crystalline
size of 4.7 nm was calculated for the Co2*-doped Fe304
particles.

The Magnetization curve and the extracted magnetic
data for the fabricated sample was provided using vibrating
sample magnetometer (VSM) analysis via recording

magnetization vs. applied field in the range of -2000 to
2000 Oe. The VSM profile of sample is shown in Fig. 4. From
this curve, some magnetic parameters of sample including
saturation magnetization (Ms), remnant magnetization
(Mr), and coercivity (Hci) are obtained which are listed in
Table 1. The M-H profile of the fabricated composite has
superparamagnetic nature. As listed in Table 1, the values
of Ms, Mr, and Hci for the Co-Fe304@f-GO composite were
obtained to be 55.67 emu g, 1.47 emu g1, and 41.12 G,
respectively (Table 1). These values confirmed the
superparamagnetic character of the Co-Fe30:@f-GO
composite. As compared with the pure Co-Fe304 sample
[15], the composite exhibited the high saturation
magnetization (Ms) revealing its better superparamagnetic
properties. This observation reveals that the saturation
magnetization of Co2*-doped Fe304particles is improved by
compositing with graphene. In fact, with the deposition of
Co?*-doped Fe30s particles onto the functionalized
graphene oxide plates/layers, their magnetic parameters
are modified as compared with pure Co2+*-doped Fes304
particles. This modification is due to the batter particle
morphology (i.e. not agglomerated form) of the FesO4
particles in the composite sample (Fig. 1d). In fact, the f-GO
layers prevent Co?*-doped FesOs particles to stack each
other as well as agglomeration. The other magnetic data of
the fabricated composite (i.e. positive Hci, negative Hci,
negative Mr, and positive Mr) are comparable with those of
the bare Co-Fe304 particles (as seen in Table 1).

Table 1. Magnetization characteristics of bare Co-Fe304nanoparticles and Co-Fe30:@f-GO composite.

Sample name Ms Coercivity  Positive Negative Negative Positive Retentivity Refs.
(emu/g) (Q) Hci (G) Hci (G) Mr Mr Mr
(emu/g)
Bare Co-Fe304 52.14 44.46 36.44 -52.48 -1.41 2.05 1.73 [15]
Co-Fe304@f-GO 55.67 41.12 34.64 -47.61 -1.25 1.69 1.47 This
work
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Fig. 3. XRD pattern of the prepared Co2*-doped iron oxide@f-GO composite.
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Fig. 4. Magnetization hysteresis curve of Co2*-doped iron oxide@f-GO composite.

4. Conclusion

An electrochemical method was applied for the
deposition of Co-Fe30s particles onto functionalized
graphene oxide layers to obtain Co-Fe304@£-GO composite.
The results of the SEM, TEM, and EDAX analyses showed
9.83% Co?* cations into Fe30s structure during the
synthesis and a mean size of 5 nm for the obtained Co-Fe304
particles. The composite exhibited magnetic parameters of
Ms=55.67 emu g1, Mr=1.47 emu g, and Hci=41.42 G,
which verified its superparamagnetic nature. An
improvement in magnetic nature of Fe304 particles was
observed by their doping with Co?* cations and compositing
with functionalized graphene oxide.
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