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Abstract

CoEr0.0.25Fe1.975O4, CoFe2O4/0.1GR, and CoEr0.0.25Fe1.975O4/0.1GR nanoparticles were synthesized by using citrate auto combustion 
technique. The structure, morphology, magnetic and thermo-electrical properties of obtained nanocomposites have been examined using the X-
ray diffraction technique, Fourier-Transform Infrared Spectroscopy (FT-IR), high-resolution transmission electron microscopy and vibrating 
sample magnetometer. Introducing graphene into the CoFe2O4 decreases the particle size and increases the magnetization of the system. The 
increase in the magnetic moment and hence the saturation magnetization can be attributed to the grafting of functional groups or adatoms to 
the graphene planes or to the edge bonds. The main mechanism of adatom chemisorption on graphene is breaking the π bonds and producing 
an additional σ bond. While dual doping with rare earth Er3+/graphene decreases the saturation magnetization of the composites from 70.336 to 
36.285 emu/g. However, the decrease in all magnetic parameters for CoEr0.025Fe1.975O4/0.1GR can be attributed to the doping of rare earth 
ions (Er3+) that decreases the parallelism between the magnetic moments at the B site. This decrease offsets to some extent the increase of 
unpaired spins resulting due to the addition of graphene.

The application of the thermoelectric concept will help to deal with two main global issues, the increasing demand for energy with all the 
developments and the drastic climate changes. Consequently, the Seebeck coefficient as a function of temperature is scrutinizing. 
Graphene is one of the main issues for increasing the efficiency of antibacterial activity. It is obvious that the CoFe2O4/0.1GR sample 
has a strong antibacterial activity against Pseudomonas aervginosa.
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Introduction
  Magnetic properties of spinel ferrite nanoparticles have been 
intensively investigated due to their extraordinary properties. In the 
family of spinel ferrites, CoFe2O4 nano ferrite possesses numerous 
applications in the fields of magneto-recording media, catalysis, 
medicine, gas sensors and high-frequency devices [1-5]. Cobalt 
ferrites possessing a partially inverse spinel structure and have 
affirmative anisotropy constant, remarkable mechanical hardness, 
high resistivity, and good chemical stability [6-9].

The ideal graphene is classified as diamagnetic material. On the 
other hand, the para magnetism is occurred in real graphene due to 
the existence of edges and/or other defects.

Meanwhile, according to the theoretical and experimental 
investigations the magnetic moment of graphene increases due to the 
presence of defects [10-12]. This increase is related to the increase of 
unpaired spins. However, theoretically expected magnetic coupling is 
not always detected in practice and its existence is very disputable 
[13]. Theoretical estimation of ferro and anti-ferromagnetism usually 
elucidate these various possibilities of magnetic coupling by the 
bipartite lattice of graphene. If magnetism is generating from defects 
in one sub lattice of graphene, the ferromagnetism is possible. While, 
the anti-ferromagnetic is occurred when the defects are distributed in 
different sub lattices. Consequently, in practice, the antiferromagnetic 
state is most predominant.

The alternative source of magnetism is originating from the 
localized edge states of graphene. The carbon structures that 
consist of  zigzag  edges can be magnetic as  confirmed from the first
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principles and mean-field theory calculations [14]. The theoretical 
calculations show that in zigzag ribbons localized electron spins is 
polarized, leading to ferromagnetism [15]. In general, almost all 
possible defects can lead to the magnetic moment due to perturbation 
in the graphene structure. However, the complete mechanism leading 
to  magnetic properties is still a matter of discussion. 

  The fascinating physical properties of Rare-Earth (RE) 
doped ferrites have attracted many researchers. The rare-earth 
lanthanides are good electrical insulators with low conductivity. The 
effect of RE ions substitution such as La, Sm, Gd, Dy, Yb, and Ce 
for Fe3+ ion was scrutinized by many investigators [16-20]. Rare 
earth ions such as Er3+ have unpaired 4f12 electrons, and their 
magneto crystalline anisotropy is related to the 4f-3d coupling 
between the rare earth and transition metal ions. The properties of 
the nano ferrite particles can be improved by the substitution of 
the appropriate amount of RE ions in place of Fe ions in the 
octahedral sites [21].

In the present study, an attempt is made to study the effect of 
dual doping with Er3+/grapheme on the structural, electrical and 
magnetic properties of the investigated samples.

Materials and Methods
The stoichiometric quantities of Fe (NO3)3.9H2O and Co 

(NO3)2.4H2O and Er (NO3)3.6H2O were prepared by using the citrate 
auto combustion technique as shown in Figure 1 [22]. The structure 
and crystallite sizes were tested by X-Rays Diffractometer (XRD) 
using Diano corporation of target Cu-Kα (λ=1.5424 Å). The 
morphology of the samples was studied by High Resolution 
Transmission Scanning Electron Microscopy (HRTEM) attached with 
EDAX unit (Energy Dispersive X-ray Analyses). The magnetization M 
(emu/g) was measured at room temperature using a Vibrating 
Sample Magnetometer (VSM) model Lake Shore 7410.

Figure 1. Flowchart of the preparation methods.

The Seebeck coefficient as a function of temperature is one of 
the crucial methods for scrutinizing the electronic properties of 
materials. The classification of charge carriers and the mechanisms 
of electric conduction were obtained from thermoelectric power 
measurements. It can be calculated using the following relation [23].

Where ΔV was the potential difference produced due to the 
temperature difference ΔT between the two points.

Results and Discussion
XRD technique has been used to ratify the formation of phase in 

the prepared samples with general formula CoFe2O4, CoEr0.0.25 
Fe1.975O4, CoFe2O4/0.1GR, and CoEr0.0.25Fe1.975O4/0.1GR 
nanoparticles. The XRD chart is depicted in Figure 2. The diffraction 
peaks recognized at the diffraction angles nearer to 30.19°, 35.55°, 
37.15°, 43.24°, 53.34°, 57.14°, 62.69°, 71.3° and 74.18° in all XRD 
patterns are indexed with the miller indices (220), (311), (222), (400), 
(422), (511), (440), (620) and (533). These are consistent with the 
JCPDS card no. 00-002-1045, belonging to the Fd3m space group.

Figure 2. (a) XRD patterns of the samples: CoFe2O4, CoEr0.025 
Fe1.975O4, CoEr0.025Fe1.975O4/0.1GR and CoFe2O4/0.1GR, (b) 
Graphene.

The sharp peak (*) at approximately 26.0°, (002) reflection, is 
compared to the graphene X-ray spectrum as shown in Figure 2.

This noticing ratifies the existence of Graphene (GR) 
nanoparticles in the cobalt spinel ferrite network. The indexed 
diffraction planes are proportionate with JCPDS card no.
(04-015-9499). The broadening of the peaks indicates the increase 
in the surface-to-volume ratio of the prepared samples.

The average crystallite size (Davg) is calculated from the Scherrer 
equation as mentioned by E. Ateia, et al.

It is clearly seen that the peak intensity and width of the peaks 
increase with adding Er3+ content and graphene in cobalt ferrite 
nanoparticles.

The decrease of crystallite size with the addition of rare-earth ions 
(Er3+) is due to the larger bond energy of RE3+–O2- compare to that of 
Fe3+–O2-. In other words, more energy is needed to force RE3+ ions 
with larger radii (0.89 Å) into the octahedral lattices and form the 
bond oxygen anion. Consequently, it is expected that rare-earth ions 
doped ferrite nanoparticles show lower particle size as well as higher 
thermal stability compared to the parent sample. Additionally, more 
energy is needed for the Co/Er samples to complete grain 
crystallization and growth. This trend was discussed by a number of 
authors.

The HRTEM images of the CoEr0.025Fe1.975O4, CoFe2O4/0.1GR, 
and CoEr0.025Fe1.975O4/0.1GR nano-composites are shown in Figure 
3. As shown from the figure that the particles are agglomerated,
spherical and nano-sized.  Moreover, the doping of Er3+ ions  decreases
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the size of the grains. Illustrates that the flake-like graphene nano-
sheets are decorated with CoEr0.025Fe1.975O4 nanoparticles with some 
formation of aggregations. The Selected-Area Electron Diffraction 
(SAED) pattern is illustrated in Figure 3. The characteristic of nano 
poly crystalline structure of the synthesized samples is ratified from 
the bright Spots Arrangement That Detected in (SAED) pattern. The 
average particle sizes are detected from the histograms and the 
obtain data agrees well with XRD data.

Figure 3. HRTEM of the samples CoEr0.0.25Fe1.975O4, 
CoFe2O4/0.1GR, and CoEr0.0.25Fe1.975O4/0.1GR SAED with inset 
represents average particles distribution and d spacing.

Figure 4 shows the mapping of CoFe1.075Er0.025O4 with color 
scheme. As reveal, there is a homogenous distribution of Cobalt 
(Co), Iron (Fe), Erbium (Er) and Oxygen (O) throughout the 
materials. Furthermore, the cobalt and iron content levels of this 
sample are measured by Inductively Coupled Plasma analysis (ICP). 
The atomic ratio of Co/Fe is found to be 0.47.

Figure 4.  Mapping of CoFe1.075Er0.025O4 with color scheme.

Figure 5 The Energy-Dispersive X-Ray Spectroscopy (EDAX) 
deliberately investigates the detailed chemical composition of the 
studied samples. The characteristic peaks in the spectrum comprise 
Co, Fe, Er, C and O. The atomic percentage (at %) and weight 
percentage (wt %) of constituent elements, are presented in the inset 
of the figures. The carbon and oxygen are presented in the  sample as 

detected from Figure 5, which emphasize the existence of graphene 
in the studied system.

Figure 5. The Energy-Dispersive X-ray spectroscopy (EDAX) for 
(a) CoFe2O4, (b) CoEr0.025Fe1.975O4, (c) CoFe2O4/0.1GR and (d)
CoEr0.025Fe1.975O4/0.1GR.

Fourier-Transform Infrared Spectroscopy (FT-IR) is studied to 
investigate the surface chemical compositions of the prepared 
samples. The corresponding data is illustrated in Figure 6. The FT-
IR bands of the samples are detected in the range 600-500 cm-1 
corresponds to the intrinsic stretching vibrations of the metal at the 
tetrahedral site. The stretching vibration at octahedral sites cannot 
be specified due to technical problems.

Figure 6. FTIR of CoFe2O4, CoEr0.025Fe1.975O4, 
CoEr0.025Fe1.975O4/0.1GR and CoFe2O4/0.1GR.

The peaks at 2917 cm-1 and 2937 cm-1 are attributed to C-H 
stretching vibration present in the sample. The broad stretching at 
3125 cm-1 and 3500 cm-1 designates the mode of binding through 
OH group existing in the samples.

The peaks at 1727, 1569, 1405, 1232, and 1050 cm-1 can be 
assigned to the C=O, aromatic C=C, carboxy C-O, epoxy C-O, and 
C-O groups on the surface of graphene sheets, respectively.

For the graphene spectrum, the peaks at 3400 cm-1, 1723 cm-1,
1630 cm-1, 1370 cm-1, and 1060 cm-1 are attributed to the OH 
stretching vibrations of adsorbed water, C=O stretching vibrations of 
carboxyl  or  carbonyl  groups,  OH   deformation  vibrations of COOH 
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COOH groups, OH deformation vibrations of tertiary C-OH, and C-O 
stretching vibrations of epoxy groups, respectively.

Figure 7 shows the hysteresis loops of the investigated samples 
using a Vibrating Sample Magnetometer (VSM) at 300. It is clear 
that the magnetization for all investigated samples increases with 
the applied magnetic field until reaching saturation trend.

The rare-earth ions prefer to occupy the octahedral B site and are 
established by the suggested cation distribution as depicted in Table 
1. According to the cation distribution, it is clear that Er3+ ions with a
magnetic moment of 9 BM. occupy the octahedral site by replacing
Fe3+ ions with a magnetic moment of 5 BM. The magnetization of the
doped sample decreases compared to that of pure cobalt even the
dopant cations have the magnetic moments larger than that of Fe3+ 

ions, as shown in Table 2 and Figure 7. This decrease is correlated
with the weakening of the exchange interaction as well as B-B
interaction. Additionally, the inclusion of Er3+ increases the Yafet-Kittel
angle leads to a decrease in the saturation magnetism of the doped
samples. The same behavior is reported for Tb3+ ions (μB=9.5 BM)
when doped to CoFe2O4.

Samples Crystallite size XRD (nm) Particle size HRTEM (nm) Cation distribution

CoFe2O4 31.37 - (Fe3+) (Co2
+Fe3+)

CoFe2O4/0.1GR 14.24 21

CoEr0.025Fe1.975O4 11.975 20 (Co2
+1-xFe3+x) (Co2

+x EryFe3+2-x-y)

CoFe1.975Er0.025O4/GR0.1 11.981 13

In general, almost all possible defects change the magnetic 
moment due to disruption in the graphene structure. This change is 
related to the increase of unpaired spins. If magnetism is generating 
from defects in one sub-lattice, the parallel magnetic ordering 
(ferromagnetism) is probable.

The increase in the magnetic moment and hence the saturation 
Magnetization (MS) for CoFe2O4/0.1GR (high content of graphene) 
can be attributed to the grafting of functional groups or adatoms to the 
graphene planes or to the edge bonds. The main mechanism of 
adatom chemisorption on graphene is breaking the π bonds and 
producing an additional σ bond, thus, changing sp2 to sp3 
hybridization. Obviously, such a process gradually leads to the 
appearance of the magnetic moment of graphene while it decreases 
its conductivity.

However, the decrease of magnetic parameters for 
CoEr0.025Fe1.975O4/0.1GR  can be attributed to that the doping  of rare

earth ions (Er3+) decreases the parallelism at the B site. This 
decrease offsets to some extent the increase of unpaired spins 
resulting due to the addition of graphene.

The magnetic parameters as the coercivity (HC), saturation 
Magnetization (MS), remnant Magnetization (Mr), squareness (Mr/
Ms) and magnetic moment (nB) are determined and presented in 
Table 2. Generally, the net magnetic moment of the studied samples 
is determined by the distribution of the Co2+ and Fe3+, Er3+ cations 
and graphene over octahedral and tetrahedral sites.

The sub-lattice experimental magnetic moment is calculated by 
using the following equation 2.

nB=Mw × MS/5585 (2)

Where Mw is the molecular weight of a particular ferrite 
composition. The experimental magnetic moment is tabulated in 
Table 2.

Composite Mr (emu/g) Ms (emu/g) Hc (G) Mr/Ms Energy loss (erg/g) Crystallite (nm) nB exp.

CoFe2O4 31.114 66.847 1641 0.465 337000 31.37 2.808

CoFe2O4/0.1GR 32.465 70.336 1411 0.462 278020 18.5 _

CoEr0.025Fe1.975O4 26.626 59.618 1778 0.447 294420 11.975 2.534
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Table 1. The values of the crystallite size, particle size and cation distribution for the investigated samples.

Figure 7.  The hysteresis loops for (a) CoFe2O4, (b) CoEr0.025Fe1.975O4, 
(c) CoFe2O4/0.1GR and (d) CoEr0.025Fe1.975O4/0.1GR using a Vibrating 
Sample Magnetometer (VSM) at 300 K.



CoEr0.025Fe1.975O4/0.1GR 11.927 36.285 1187 0.329 124270 11.981 _

As shown from the Table the magnetic parameters of the 
nanoparticles depend upon the crystallite size, magnetic moment 
and the number of unpaired electrons. As the size decreases, the 
surface area increases, as well as the surface energy and surface 
tension. This causes the exchange in the cationic preference and 
then increases the anti-site defects, consequently, the saturation 
magnetization decreases.

   Generally, the spin-orbital coupling is much stronger in rare earth 
ions than the transition metal ions. Certainly, the highest coercively 
for CoEr0.025Fe1.975O4, is due to the smallest particle size as well as 
the strong spin-orbital coupling of E  r3+ ion.

The application of the thermoelectric concept will help to deal 
with two significant global issues, the increasing demand for energy 
with all the developments and the extreme climate changes.

  The temperature dependence of the Seebeck coefficient in the 
temperature range of 300 K to 750 K is presented in Figure 8. As 
shown from the figure, for all samples the Seebeck coefficient (α) is 
fluctuated between positive and negative values. This fluctuation of α 
indicates that majority charge carriers are of n-type, and p-type 
suggesting the conduction mechanism to be predominantly by 
electron and holes hopping respectively. Such type of behavior is 
also reported in the previous work. Moreover, the Seebeck coefficient 
decreases for Er3+ doped samples. The reduction in the population of 
the Fe3+ ions at the B-site is the main reason for the observed 
decrease of the Seebeck coefficient. The same trend has been 
reported for other rare earth substitution in Mg-Cd ferrite and Cu-Cd 
ferrite.

Figure 8. The temperature dependence of the Seebeck coefficient 
for the investigated samples.

The antibacterial activity of CoFe2O4/0.1GR and 
CoEr0.025Fe1.975O4/0.1GR nanoparticles is investigated using a 
modified Kirby-Bauer disc diffusion method. The antibacterial 
activity was carried out against two kinds of bacteria:

Neisseria gonorrhoeae and Pseudomonas aervginosa as shown in 
Figure 9.

It is obvious that the CoFe2O4/0.1GR sample does not possess 
antibacterial activity against Neisseria gonorrhoeae while it has a 
strong antibacterial activity against Pseudomonas aervginosa. Figure 
9 shows the variation in the inhibition zone caused by the synthesized 
samples. Graphene is one of the main issues for increasing the 
efficiency of antibacterial activity. The antibacterial activity studies 
reveal that the efficiency is maximum (62%). This can be attributed to 
the high content of graphene enables more vacancy to interact with 
bacteria, leading to a better antibacterial efficiency.

Figure 9. Antibacterial activity against Neisseria gonorrhea and 
Pseudomonas aervginosa for the CoFe2O4/0.1GR and 
CoEr0.025Fe1.975O4/0.1GR.

Conclusion
By using the citrate auto combustion method, graphene 

substituted CoFe2O4 and graphene substituted rare earth CoFe2O4 
were successfully prepared with a small crystal size (12 nm). 
CoFe2O4/0.1GR (high concentration) shows ferromagnetic behavior. 
The addition of a high content of graphene increases the 
magnetization of the system due to the presence of edges and other 
defects. Graphene based CoFe2O4 magnetic samples demonstrate 
an improvement in the structural properties. The conjunction 
of graphene into the cobalt nanocomposites enhances the 
cation redistribution, changes the morphology, and 
decreases the crystallite sizes of the investigated samples.

The doping of rare earth ions (Er3+) decreases the parallelism 
between the magnetic moments at the B site. This decrease offsets 
to some extent the increase of unpaired spins resulting due to the 
addition of graphene.

The fluctuation of the Seebeck coefficient sign between (+)ve and 
(−)ve in cobalt rare earth ferrite means that the two conduction 
mechanisms take place simultaneously. CoFe2O4/0.1GR shows an 
inhibition zone of diameter=16 mm (With efficiency=62%) against 
Pseudomonas aervginosa. Thus, one can be recommended it for 
biomedical applications.
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Table 2. The saturation Magnetization (Ms), the remnant Magnetization (Mr), the coercive field (HC), squareness ratio (Mr/Ms), energy 
loss, crystallite size and experimental magnetic moment for the investigated samples.
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