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A one-pot chemical method was used to prepare cobalt nanoparticles (Co
NPs) by employing sodium borohydride (NaBH,) as a reducing agent, as
well as graphite and activated carbon as stabilizer materials. The resulting
NPs were characterized by XRD, FE-SEM, EDX mapping and VSM
measurements before and after annealing under a mixture of argon and
hydrogen atmosphere at 600 °C, in order to study their structural,
morphological, and magnetic properties. This study focused on the shape
and size of Co NPs, involving the formation of Co and Co304 phases with
the effect of oxygen as the main factor that can significantly contribute to the
magnetic anisotropy. Co NPs exhibited a high saturation magnetization (Ms)
value after performing the annealing process, achieving Ms> 99 emu/g when
using the graphite stabilizer. The results indicate that surface atoms play a
significant role in the modification of magnetic characteristics of Co NPs.
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1. INTRODUCTION
Magnetic nanoparticles (NPs) have
been used in various fields, ranging
from nanomedicine to electromagnetic
devices in which the particle size
affects the magnetic response [1,2].
Nanotechnology has been established
based on the collection of physical
properties of materials and their nano-
dimensions [3]. It is necessary to
control magnetic characteristics for the
effective use of NPs in applied
technologies, so that controlling the
shape, size and the surface atoms of
the NPs leads to the tuning of magnetic
moments and anisotropy [4]. For
instance, the magnetic anisotropy
decreases when reducing the size of
conventional magnetic materials, and
superparamagnetic relaxations take
place at the nanoscale level (i.e., a few
nanometers). One of the most
significant ferromagnetic elements is
cobalt (Co), which is available in three
different crystal forms: ¢, hcp and fcc.
In turn, these phases determine
magnetic and electric characteristics
[5]. Numerous factors such as the size
and shape of NPs, magnetic
interactions, crystal lattice and its
defects, and the methods used to
prepare the material are related to
magnetic properties of Co NPs [6].
Cobalt is utilized in many different
applications, including  permanent
magnets, optical devices, sensors,
magnetic  recording media, and
information storage [7,8]. Co NPs have
physical and chemical characteristics
that are interconnected to so-called
quantum size effects. Such effects are
brought about by a decrease in size,
thereby modifying the electron density
of states [9]. The concept that the
interaction between magnetic atoms
and surface atoms strongly affects the
magnetic properties is one of the core
concepts in the physics of magnetic
NPs. The variables such as symmetry
breaking and hybridization influence

both the atoms inside the particle and
the atoms on the surface as a result of
their interactions, thus changing
magnetic properties of NPs [10]. The
various preparation techniques of Co
NPs (e.g., physical, chemical, and
electrochemical methods) allow for
precise control over the size and
morphology, making them very
effective in terms of magnetic
properties. The thermal decomposition,
hydrothermal reaction, and polyol
processes rely on a common reduction
method and involve chemical reactions
[11,12]. For the application of Co NPs
in high-density and fast recording
memory devices, a synthetic technique
that offers strict control over many
structural properties including average
size, size distribution, close packing
sequences, and morphology must be
taken into consideration. In addition to
preventing Co NPs from oxidation and
mixing, the capping ingredient can
promote stability [13].

Cheng et al. [14] wused a
combination of organic solvent and
surfactant  along  with  sodium
borohydride (NaBH,;) in order to
synthesize Co NPs with controlled
sizes in the range of 3.2-171.4 nm
using an organic solvent-stabilized
method. In this regard, decreasing the
glycol/water ratio increased the size
and aggregation of Co NPs. In another
investigation, Morcos et al. [15]
synthesized monodisperse Co NPs
with extremely small diameters (< 5
nm) in ionic liquids. The as-
synthesized NPs with
superparamagnetic behavior possessed
e-Co phase, which progressively
transformed into stable hcp-Co phase
at room temperature. Alternatively,
carbon encapsulated Co NPs were
synthesized using a solvothermal
method, leading to the co-existence of
fcc- and hcp-Co phases [16]. These
NPs were ferromagnetic in nature,
having saturation magnetization (M)
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and coercivity (Hc) of up to 158 emu/g
and 206 Oe, respectively.

This paper aims to investigate the
reduction of cobalt ions into NPs with
and without carbon-based stabilizer
materials. Also, NaBHj, is utilized as a
strong reducing agent in the synthesis
of Co NPs. Various characterization
techniques are used to investigate
properties of the resulting NPs. This
study indicates that carbon can
stabilize the structure, morphology,
and magnetic properties of oxidized Co
NPs.

2. Materials and Methods
2.1. Materials

Cobalt (1 chloride
hexahydrate (CoCl,.6H,O, Merck),
NaBH; (Aldrich, 99%), graphite
(Aldrich), carbon (100% activated
bulletproof coconut charcoal), and
distilled water were used without any
further purification.

2.2. Synthesis of Co NPs

Intensity (a.u)

20 (degree)

A one-pot chemical reduction
method was utilized to prepare three
samples of Co NPs. For the synthesis
of the first sample (S1), 2 g of
CoCl,.6H,0 was dissolved in 100 mL
of distilled water under mechanical
stirring at 25 °C. Next, 0.2 M of
NaBH,; was drop-wise added to the
solution, leading to the reduction of the
precursor containing metallic cobalt.
The black precipitates then formed
during a reaction time of 15 min. In
order to prepare the second sample
(S2), a stoichiometric amount of
CoCl,.6H,0 was dissolved in 100 mL
of distilled water at 25 °C for 20 min
by using a magnetic stirrer to ensure
homogeneity. Afterwards, 0.5 g of
graphite was added to the solution. 0.1
M of NaBH, was also added after 1 h
of reaction in order to reduce Co NPs,
followed by a rest time of 15 min. The
third sample (S3) was prepared using
0.5 g of activated carbon with the same
procedure and conditions as described
above.

Intensity (a.u)
;'L—q 200)

T T T T T T
10 20 30 40 50 60 70 80
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Fig. 1: XRD spectra of Co NP samples (S1, S2, and S3) synthesized by a
chemical reduction method before (blue line) and after (red line) annealing.

3. Material Characterizations

X-ray diffraction (XRD)
patterns were recorded by a Panalytical
X-ray diffractometer (anode source
with CuK«a radiation, A=
0.15406 nm, voltage = 40 kV, and
current = 30 mA) at 26 ranging from
10° to 80°. With a scanning speed of 2

min~1, the phase, crystal structure, and
crystallite size were determined for
powder form of the three samples.

The morphology of Co
NPs was investigated using field-
emission scanning electron microscopy
(FE-SEM, MIRA3 TESCAN). In this
case, the average size of the NPs was
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determined  using  particle  size
distribution histograms generated using
data collected from FE-SEM images
[17]. The average size was determined
using the following formula: d, =
Y.din;/ Y. n;, where n; is the number
of NPs with the selected size range,
and d; is the average diameter of NPs
in the selected interval. The energy
dispersive X-ray (EDX) analysis was
used to determine elemental spectra of
the samples. Furthermore, mapping of
the spatial distribution of elements in
the samples was performed.

By wusing a vibrating sample
magnetometer (VSM, MDK, Iran),
room-temperature magnetic
characteristics of powder forms of the
synthesized samples were precisely
measured before and after annealing
under an applied magnetic field of up
to £10 kOe. The quantities commonly
used for describing magnetism in
materials, including Ms, remanence
magnetization (M;), Hc, and squareness
(M/Mgs) were extracted from hysteresis
loops. Within the hysteresis loop, the
magnetic field was measured with a
relative error of less than 0.0001%.

T st En] wea [ Ao mad §2
] Col3163 1659 om

=%

S3 Elt [ Weo | A%
Co[4338 168

Fig. 2: EDX spectra of Co NP samples before (top panel) and after (bottom

panel) annealing.

Fig. 3: FE-SEM images of as-synthesized Co NP samples (S1, S2, and S3). The
insets represent size distribution histograms with the best fit obtained for Co NPs

before annealing.

4. Results and Discussion

Fig. 1 shows XRD patterns
of as-synthesized and annealed Co NP
samples (S1, S2, and S3). Miller

indices are indexed at the top of peaks
in Fig. 1 for each sample. The peaks
appeared in the XRD pattern of as-
synthesized sample S1 can be assigned
to Co3O4 with cubic structure (JCPDS
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Card No. 01-080-1536). By
performing the annealing process, the
crystal structure of sample S1 is
accompanied with a decrease in the
oxide formation, leading to an increase
in the formation of metallic Co NPs
(JCPDS Card No. 00-015-0806)
together with Co3(BO3), compound
(JCPDS Card No. 01-075-1808).

In the case of sample S2, the
peaks appeared in the XRD pattern of
as-synthesized NPs prepared in the
presence of graphite are related to hcp-
Co and hexagonal carbon structures
with  (002) preferred orientation
(JCPDS Card Nos. 00-005-0727 and
00-025-0284). By annealing sample
S2, the Co crystal structure changes to
fcc with (111) preferred orientation,
whereas the carbon structure remains
hexagonal ~(JCPDS Card  Nos.
00-015-0806 and 00-008-0415). The
XRD patterns of as-synthesized and
annealed sample S3 show the same
crystal structure (fcc) with (111)
preferred orientation for Co NPs
prepared in the presence of activated
carbon. However, the crystallite size of
sample S3 increases significantly after
annealing, and the clearly defined

peaks obtained for both Co and C are
nearly identical to those existing prior
to the heat treatment.

The intensity of Co (002) and C
(002) peaks in sample S2 before
annealing can be used for calculating
the fraction (F) of C crystallites based
on the following relation:

F= Ihexagonal/ltotal 1)

Where Inexagona 1S the intensity of
Iyo2 Of hexagonal C phase, and I;,¢4; iS
the sum of the intensities of I,,, for
both Co and C. In this way, the
fraction of hexagonal C phase present
in Co NPs calculated from Eq. (1) is
found to be 28% [18].

The average crystallite size (D) of
each sample was calculated using
Scherrer formula [19] as follows:

KA
- B cosB (2)

where K is the Scherrer constant, A
is the wavelength of X-rays, B is the
full width at half maximum (FWHM)
of the diffracted peak, and 6 is the
diffraction angle. The results obtained
are shown in Table 1.

Table 1: The average crystallite size of Co NP samples calculated by the Scherrer
equation using XRD results.

Sample Crystallite size Crystallite size after
before annealing (nm) annealing (nm)
S1 33.54 35.11
S2 18.24 30.37
S3 18.68 36.12

FE-SEM was employed to
investigate structure, surface
morphology, particle size, and particle
shape. Figs. 3 and 4 depict FE-SEM
images of as-synthesized and annealed
Co NP samples (S1, S2, and S3) along
with the corresponding particle size

distribution histograms, respectively.
The main feature of all samples after
annealing is the modification of shape
and increased size of the grains (see
Fig. 4). The statistical calculations of
mean and standard deviation from the
particle size distribution histograms
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(the insets in Figs. 3 and 4) are
presented in Table 2. The average
crystallite sizes presented in Table 1
are in good agreement with the particle

sizes determined

images.

using FE-SEM

Table 2: Statistical parameters of Co NP sizes extracted using FE-SEM images.

As-synthesized Co NPs

Annealed Co NPs

Sample S.D. Mean Min Max Sample S.D. Mean Min Max
S1 1344 4744 2736 8109 S1 63.17 140.60 69.61 299.82
S2 9.12 39.07 2299 61.74 S2 9.01 4580 26.20 65.64
S3 832 2779 1543 49.00 S3 22.33 118.72 67.62 177.13
EDX analysis was performed to samples show no oxygen peaks,

verify the presence of cobalt, carbon indicating the  diminishment or

and oxides, while also examining the significant decrease in the oxide

binding energies and chemical
compositions of the three Co NP
samples [20]. The EDX spectra are
presented in Fig. 2, indicating the
characteristic signals for the elements
cobalt (Co), oxygen (O), and carbon
(C). In general, the weight percentages
of cobalt, oxygen and carbon were
determined from EDX spectra of as-
synthesized and annealed Co NP
samples (S1, S2, and S3), which can be
seen as insets in Fig. 2. While the
peaks at binding energies of 0.78, 6.92
and 7.68 keV correspond to ColL,
CoKa and  CoKp radiations,
respectively, the peaks at binding
energies of 0.512 and 0.25 keV
represent oxygen (0 —Ka) and
(C — Ka) radiations [21]. This finding
confirms that sample S1 consists of
cobalt oxides without carbon. Binding
energies of samples S2 and S3 confirm
the existence of carbonaceous cobalt
compounds with no pronounced peak
related to oxygen for sample S2.
However, the amount of oxygen in
sample S3 is less than that in sample
S1. Based on the EDX spectra shown
in Fig. 2, by-products exist for the
synthesized Co NPs due to residuals of
unreacted precursors. On the other
hand, EDX spectra of annealed Co NP

formation. In turn, the oxide removal
may play a key role in magnetic
characteristics of the resulting Co NPs.

Prior to the heat treatment,
magnetic characteristics of the NPs
were evaluated at room temperature
with a maximum applied field of 10
kOe, as depicted in Fig. 5. Table 3
presents Ms, M;, Hc, and M,/M; values
extracted from the hysteresis loop
measurements of as-synthesized and
annealed Co NPs. Despite the fact that
the as-synthesized samples contain
carbon and oxygen, the acquired
magnetic parameters are found to be
relatively high. For example, M; values
of as-synthesized samples S2 and S3
are measured to be 63.89 and 65.01
emu/g, respectively. As well, the
corresponding H. values are obtained
to be 221 and 400 Oe. These magnetic
characteristics outperform or are
comparable to other reports in previous
studies. Notably, Yang et al. [22]
reported the synthesis of pure Co NPs
with an average size of 16 nm using
oleylamine, oleic acid and sodium
oleate as surfactants, achieving Ms and
H. of 56.55 emu/g and 297.62 Oe,
respectively. In another study, Yan et
al. [23] prepared Co NPs (10-30 nm in
size) in a graphitic shell using a
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chemical vapor deposition method,
obtaining Ms and H. of 71.7 emu/g and
486 Oe, respectively. Basically, the
sum of NPs has a moment of Ny,
where N is the number of atoms and u
is the moment per cobalt atom. In
general, the heat treatment in the
present study makes a noticeable
impact on the magnetic parameters,
particularly enhancing Ms values (see
Table 3). In this case, the reduction of
cobalt oxide NPs following the heat
treatment causes a remarkable four-
fold increase in M of sample S1 (from
559 to 20.24 emu/g). Due to the
presence of graphite and activated
carbon, samples S2 and S3 behave
differently after annealing. The Ms of
sample S2 increases from 63.89 to
99.68 emu/g, whereas sample S3
demonstrates a considerably smaller
increase in M. This can be brought
about by a number of mechanisms,
including the reduction of oxides,
enhanced crystallinity, and the long-
range arrangement of  magnetic
moments  following the heating
treatment. In ambient temperature,
stabilizing the magnetic order in
conventional ferromagnetic particles,
especially Co NPs, is complicated. The
composition of the prepared structures
reasonably reflects their magnetic
behavior. Moreover, the role of carbon
is obvious in preventing the formation
of Co and Co30, phases in samples S2
and S3, as shown in the XRD patterns.
The NPs formed based on cobalt and
its oxide (Co3O4) play a role in the
reduction of the Ms of sample S1 to
5.59 emu/g [24].

Furthermore, Co and Co030, NPs
can determine the anisotropic structure
of NP assembly through symmetry
braking at the interface, as well as the
proximity effect and potential super-
exchange coupling mechanisms that
result in the enhanced Hc. The presence
of boron element from the reducing
agent (NaBH,) might contribute to the

magnetic anisotropy of Co [25].
However, the amount of boron present
in each sample is approximately the
same, according to the EDX spectra
shown in Fig. 2.

In addition to the composition,
shape and size, the microstructure of
the sample has a significant impact on
the magnetic response. These features
can be affected by the preparation
methods [26,27]. The size reduction
causes the magnetic anisotropy to
decline, resulting in superparamagnetic
relaxations at nanoscopic level of few
nanometers. In these sizes, the
fundamental mechanism behind the
soft magnetic behavior is that, for grain
sizes smaller than the ferromagnetic
exchange length, the local
magnetocrystalline anisotropies
randomly average out. This leads to a
decrease in the H; as grain size (d)
decreases. The (d®) dependence of H,
is identified for nanocrystalline
materials (down to d = 100 nm).
Within the realm of large grain size,
the (1/d) dependence of coercivity is
dominant, involving domain wall
pinning at grain boundaries. It is more
commonly  reported that  the
magnetization reversal occurs for large
grain sizes and bulk magnetic materials
as a result of the nucleation of
relatively small reversed domains
(often on inhomogeneities or defects)
and the subsequent propagation of
magnetic domain walls [28]. The
statistical mean grain sizes of as-
synthesized and annealed Co NPs
obtained using FE-SEM images (see
Table 2) indicate the presence of grain
size dependency of Hc, In other words,
H. values of samples S2 and S3
decrease by about 64% (from 221 to 80
Oe) and 58% (from 400 to 168 Oe) due
to the increase in mean NP size from
39.07 to 45.80 nm and 27.79 to 118.72
nm, respectively. It is worth noting that
the further reduction in H. of sample
S2 can be attributed to the reduction of
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magnetocrystalline anisotropy due to
the decrease in hcp-Co phase
percentage after annealing. The results
of M-H loops demonstrate that the
switching field distribution (SFD) of
sample S3 is significantly lower than
that of samples S1 and S2. This might
be due to an increased exchange
interaction  triggered by  size
dependence and/or decreased
magnetocrystalline anisotropy, thereby
leading to slight optimization in the
overall quality of magnetic parameters.
The SFD is closely related to the size
distribution of particles because
different particle sizes and shapes can
flip at different fields. The magnetic
media with high H; and low SFD are
preferred for high-density recording
and spintronic devices [29].

SFD can be calculated
from the equation below:

AH
SFD = —- ©)

c

where AH is taken at the half
maximum peak of SFD curve. Also, S*
represents an important value of
magnetic recording media which is
given by the following equation:

am M,
atlp, ~ H(1-S") @

where Z—I: is the slope at H., and

M, is the remanence magnetization
[30]. Furthermore, one can calculate
the energy product of magnetic NPs
using the following equation:

(BH)pax = == (5)

The quantitative results calculated
from the above-mentioned equations
are inserted in Table 3. Among the
samples, (BH)max Of Co NPs
synthesized in the presence of
activated carbon (sample S3) is larger
(1242.50 GOe), making them suitable
for  magnetic recording  media
applications.

v

=

Fig. 4: FE-SEM images of annealed Co NP sémpleé (Sl, S2, and 3) (left panel). The

insets represent corresponding size distribution histograms. The right panel shows EDX
mapping of the samples for Co, C, and B elements recorded at the range of 2 um.
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Fig. 5: Hysteresis loops of Co NP samples (S1, S2, and S3) before (blue line) and
after (red line) annealing (left panel). The right panel shows the corresponding SFD

curves.
Table 3: The magnetic parameters extracted from VSM hysteresis loop
measurements of as-synthesized and annealed Co NP samples.
As-synthesized Co NPs
Sample  H¢ (Oe) M, Ms M, /M (BH)max SFD S*
(emu/g) (emu/g) (GOe)

Sl 137 1.26 5.59 0.23 33.89 4.79 0.03
S2 221 7.35 63.89 0.12 318.94 7.75 0.39
S3 400 15.82 65.01 0.24 1242.50 4.00 0.33
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Annealed Co NPs

Sample  H¢ (Oe) M, Ms
(emu/g) (emu/g)

Sl 80 1.90 20.24

S2 80 7.86 99.68

S3 168 8.58 71.69

M /M

0.09
0.08
0.12

(BH)max  SFD S*
(GQOe)
29.85 16.33 0.64
123.46 7.39 0.33
283.03 5.23 0.22

5. Conclusion

In conclusion, Co and carbon-
containing Co NPs were synthesized
using NaBH, as a reducing agent in
a one-pot chemical method, followed
by performing an annealing process.
The XRD patterns showed that the
Co NPs were dominated by cubic
Co30, crystal phase in the absence
of graphite and activated carbon
during the synthesis, indicating their
contribution as stabilizer materials.
The annealing process changed the
crystal structure of Co NPs
synthesized in the presence of
graphite from hcp to fcc, whereas it
significantly enhanced crystallite
size from 18.68 to 36.12 nm for fcc-
Co NPs synthesized in the presence
of activated carbon. Meanwhile, FE-
SEM  images indicated the
modification of morphology and
enhanced mean NP sizes and
distributions of annealed Co NPs.
The VSM results showed relatively
high M (up to 99.68 emu/g) values
of annealed carbon-containing Co
NPs. The H. values decreased
sharply after annealing, which may
be caused by increased exchange
interaction due to the increased NP
sizes and/or decreased
magnetocrystalline anisotropy of Co
NPs with fcc crystal structure.
Overall, the prepared carbon-
containing Co NPs with (BH )4, Of
up to 1242.50 GOe might be suitable
for magnetic device applications,
including magnetic recording media.
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