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1 Introduction

ABSTRACT

Sm—Co nanomagnetic material has received much attention recently since it is
thought to be the next generation of permanent magnets with potential uses in
energy technologies. Here, ethylenediaminetetraacetic acid (EDTA) is utilized
for the first time as a fuel source in a sol-gel auto-combustion process to synthe-
size Sm-Co nanoparticles. Then, reduction—diffusion process strategy followed
the auto-combustion pathway. Typically, Sm,0; and Co;0, nanoparticles were
prepared by combining Sm and Co nitrates with the chelating agent EDTA. The
Sm-Co nanocomposites were subsequently created by reductively annealing
precursor oxides using calcium powder. To display the temperature-dependent
breakdown of the original precursor and determine the correct annealing tem-
perature, TGA was employed to identify the annealing temperature and the pre-
cursor products. Additionally, other physical characterization techniques such
as XRD, FE-SEM, EDX, and VSM were used for further investigations. Three dis-
tinct Sm;Co, compositions with different cobalt ratios (x =4.0, 3.5, and 2.0) were
prepared and studied. The findings demonstrate that the composition Sm;Co,
(x=2.0) led to the formation of hard phases of SmCos, Sm,Co,, and Sm,Co;;.
These particles’ morphology reveals that they are made up of nanowires with an
average thickness of 25 nm. As well, according to the VSM findings, this compos-
ite had the highest coercivity H. and a maximum squareness ratio M,/M,, which
were 2161 Oe and 0.57, respectively.

electrical vehicles, and electronic devices as well as bio-
medicine, hyperthermia, and even in modern advance-

Permanent magnets play a vital role in many con-
temporary technologies and scientific areas. They are
essentially used in wind turbine generators, motors,
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ments of mass metrology [1-7].
Sm—-Co permanent magnets, e.g., Sm,Co;,, have
a high Curie temperature (T, ~ 825 C) as well as low
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remanence temperature coefficient (0.03% C'), high
magnetocrystalline anisotropy, and high coercivity
force [8]. These aspects give Sm—Co permanent mag-
nets the preference to be utilized with high-tempera-
ture applications [9, 10]. Nevertheless, the scarceness
and the high cost of rare earth elements, such as Sm,
limited these applications.

Recently, extensive research efforts have been per-
formed to improve the physical properties of rare-
earth-transitional-metal (RE-TM) permanent mag-
nets for high-temperature applications, in addition to
developing novel permanent magnetic materials that
contain fewer rare earth elements [11-13]. One of the
technical methods to improve the magnetic character-
istics of a permanent magnet, including high energy
product and large coercivity force as well as enhanced
thermal stability, is by controlling the grain size. The
coercivity force is related to the magnet microstruc-
ture. When the grain is reduced to the nanometer
scale, high coercivity is produced. Nanocomposites
magnetic materials have demonstrated new oppor-
tunities for exploring the next generation of perma-
nent magnets with less expensive rare-earth elements
[14-19]. This will make the devices that employ this
magnet more compact, lighter, and highly effective,
especially in particular applications of some precise
instruments such as the Kibble balance experiment.
The Kibble balance experiment is used to redefine the
unit of mass, the kilogram, by determining the Planck
constant and requires large amounts of Sm,Co;, per-
manent magnet [20].

Numerous approaches including physical and
chemical strategies are utilized to synthesize the mag-
netic nanoparticles (MNPs) [21]. The physical meth-
ods are dependent on a top-down process by reduc-
ing material from bulk to micrometric or nanometric
scale such as high-energy ball milling (HEBM) [22],
laser deposition [23], thermal evaporation [24], and
melt spinning [25]. The disadvantages of these pro-
cesses are high cost, time, and energy-consuming, as
well as the difficulty of controlling the grain size [26,
27]. Therefore, the problem of fabricating high-perfor-
mance nanomagnetic material is affirmed.

In contrast, the chemical methods follow bottom-
up processes such as co-precipitation [28], the hydro-
thermal method [29], oxidation synthesis [30], and the
sol-gel method [31]. These chemical synthesis meth-
ods allow for more control over the microstructure
such as the size and shape, crystallinity, and magnetic
properties of the magnetic nanoparticles. Among these

@ Springer

J Mater Sci: Mater Electron (2023) 34:2283

techniques, the sol-gel method is a suitable route for
the preparation of monodispersed and uniform nano-
particles as well as the synthesis of RE-TM precursor.
Moreover, the sol-gel method is cost-effective, facile
operation, and time-saving.

When preparing RE-TM magnetic nanocompos-
ites, e.g., SmCo, by chemical approach, commonly
it requires two stages. The first stage involves the
preparation of a precursor oxide, such as samarium
oxide. Then, the samarium oxide must be subjected to
annealing at temperatures exceeding 1000 C to reduce
it to Sm metallic. This conversion process is essential
because Sm possesses a substantially negative reduc-
tion potential and a low free energy for oxidation. The
reduction—diffusion process, which involves using a
reducing agent such as calcium (Ca), allows its reduc-
tion at temperatures less than 1000 °C [10].

Herein, SmCo/Co nanocomposites were synthe-
sized using the sol-gel auto-combustion method with
EDTA for the first time followed by a reduction—dif-
fusion process. In this route, EDTA was used as a
fuel to generate nanocomposites with low crystallite
size. Three samples with different Sm;Co, composi-
tions of [(I) x=4.0, (II) x=3.5, and (III) x =2.0] were
prepared and studied. The synthesis process involves
two steps. The first step is to prepare the precursor
oxides SmCo-O particles, which contain Sm,0; and
Co30,. Subsequently, the reduction—diffusion process
was carried out by mixing the precursor oxides with
Ca and KCl under high temperature in high-purity
argon gas. Finally, the product was washed to produce
the particles of SmCo/Co nanocomposites.

As a result, nanoparticles with different phase struc-
tures were formed. The morphology of the produced
nanoparticles was studied and verified. The sample
with Sm;Co, composition of x =2.0 had the highest
coercivity value of 2161 Oe with a maximum square-
ness ratio of 0.57.

2 Experimental
2.1 Chemicals

Samarium (III) nitrate hexahydrate [Sm(NO;);-6H,0,
99.9%, Sigma-Aldrich], cobalt(Il) nitrate hexahy-
drate [Co(NO;),6H,0, 298%, Sigma-Aldrich], Eth-
ylenediaminetetraacetic acid (C;yH;4,N,Og 99%,
Sigma-Aldrich), calcium granular (Ca, granular
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99%, Sigma-Aldrich), and potassium chloride (KCI,
99.0-100.5%, Sigma-Aldrich).

2.2 Synthesis of precursors (Sm—Co oxides)

The synthesis process of Sm—Co nanoparticles is sum-
marized in Fig. 1.

In order to synthesize Sm—Co particles oxide, samar-
ium (III) nitrate hexahydrate and cobalt (II) nitrate
hexahydrate were used to synthesize the precursors
with different molar ratios. Three samples were syn-
thesized according to the following Sm;Co, compo-
sitions of [(I) x=4.0, (II) x=3.5, and (III) x=2.0]. The
samples were dissolved in 100 ml of deionized water
with mechanical stirring. Then EDTA was inserted
to the solution with a molar ratio of 2:1, respectively.
The advantage of using EDTA is that it can chelate the
most of metals ions based on four carboxylate groups
that are cross-linked easily to create a gel [32]. The
mixed solution was heated at temperatures of 80-90 ‘C
until the solvent evaporated and produced a viscous
gel. Subsequently, the temperature of the formed gel
was increased up to 300 C to perform the combustion
process. After cooling to room temperature, the sam-
ples were collected and crushed to obtain the powder.
To prepare pure oxides of SmCo, the sample powders
were annealed at 800 °C (which was chosen based on
TGA analysis) for 2 h in atmospheric air. The resulting
black powder for the three samples was collected and
kept for the following reductive annealing.

Fig. 1 A schematic illustra- #T
tion representing the process
of synthesis
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2.3 Synthesis of SmCo/Co nanocomposites

After the precursor oxides were prepared, a mixture
of 1 g of the precursor with 5 g of calcium (Ca) granu-
lar as a reducing agent and 3 g of potassium chloride
powder (KCl) as a solvent was combined. Then this
mixture was placed in a boat made from alumina. This
boat was transferred to a tube furnace and annealed at
a temperature of 900 C for 2 h under a flowing high-
purity argon atmosphere. The boat was kept inside the
furnace until it cooled to ambient environmental tem-
perature. In order to dissolve and remove CaO, KCl,
extra Ca, and other impurities, a diluted hydrochloric
acid was used to wash the products. To ensure that all
of the impurities were removed, the washing process
was repeated multiple times using deionized water.
The final black powder was collected by a magnet and
stored for further characterization.

2.4 Physical properties

The thermogravimetric analysis (TGA) (Shimadzu 50
with an accuracy of 0.1 K) was realized to analyze the
precursor products in order to track the temperature-
dependent breakdown of the original precursor and
establish the proper annealing temperature. In an
environment of air, the temperature was raised from
room temperature up to 800 ‘C with a heating rate of
10 "C/min. The crystallographic characteristics of the
samples were identified by using X-ray diffractometer
(Malvern Panalytical) with CuKa radiation at a wave-
length of 1.540595 A. All of the samples were tested in
continuous mode from 20 to 80° at room temperature.

Firststage \
Fabrication of precursor oxides

1
I
I
Sm,0, I
I
|
1
|

Combustion process

Final product
Sm-Co
Nanoparticles
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The size, morphologies, and elemental analysis of
the produced nanoparticles were verified using field
emission scanning electron microscope equipped
with energy-dispersive X-ray spectroscopy (FE-SEM;
Quattro S, Thermo Scientific). Moreover, the hysteresis
loops and magnetic properties were measured using
a vibrating sample magnetometer (VSM, Lake Shore
Co., model 7400-1, USA) at room temperature with a
maximum applied field strength of 20 kOe.

3 Results and discussion
3.1 Phase structural of precursor powder

Preparing the Sm-Co oxide phase is the first stage
in synthesizing SmCo/Co nanocomposites. To show
the changes that occurred during the heat treat-
ment of the precursor powders, the TGA analysis
for precursor of sample (III) (of Sm;Co, composition
of x =2.0) was performed from room temperature to
800 C with a heating rate of 10 ‘C/min in Air, Fig. 2.
As given in Fig. 2, the TGA curve of weight loss per-
forms through three stages. The first stage, which
occurred in the temperature range of 30-130 C,
presented a weight loss of roughly 10 wt% and was
attributable to the elimination of adsorbed water.
When the temperature was between 130 and 340 C,
the majority of the organic materials were destroyed
with a second weight loss of roughly 57 wt%. The

100
Heating rate: 10 °C/min
— . Atmoshere: Air
X 804 '
& First '
° stage |
r —-em
) 60 - '
w 1
; 4
40 - !
: J:._St_"’??_,i
20 - : : :
- T T T
0 200 400 600 800

Temperature (°C)

Fig. 2 Thermogravimetric analysis of the precursor oxides
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third step indicated the ultimate decomposition
of the NO; group. All of the organics were ejected
due to the precursors’ decomposition tendency, and
Sm,0;—Co30, phases were produced instead. At
temperatures below 800 C, there was an approxi-
mate 71% overall weight reduction. To ensure that
all the organics broke down, 800 ‘C was selected as
the annealing temperature.

To verify the TGA results mentioned above, Fig. 3
shows the XRD pattern for sample (III) of Sm;Cox
composition of x =2.0, which was annealed at 800 'C
for 2 h in the atmosphere. The XRD pattern shows
that the phases formed consisted of Sm,0; (JCPDS
No. 070-2642) and Co;0, (JCPDS No. 074-1657).

The average crystallite size of the oxide powder
product was estimated from the Scherrer’s Egs.
[33-35]:

KA
~ Pcost’ (1)

where D is the average crystallite size in nm, K is the
Scherer constant, K =(0.89), A is the X-ray diffraction
wavelength of Cu-Ka line (A =1.5406 A), § is the full
width at half maximum (FWHM) in radians, and 0 is
the Bragg angle.

The results obtained show that both Sm,0; and
Co;0, particles have a good crystallinity with a small
average crystallite size of 21 and 22 nm, respectively.

3.2 Crystal structure of SmCo/Co
nanocomposites

Figure 4 shows the XRD patterns of Sm—Co nano-
particles synthesized at different compositions of
Sm:Co (denoted [, II, and III). The sample (I) with a
Sm:Co ratio of 1:4.0 confirms that the formation of the

* Sm,0,

4 Co304

Intensity (a.u.)

20 30 40 50 60 70 80
2 0 (deg.)

Fig. 3 XRD pattern of the precursor oxides
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hexagonal SmCos phase (JCPDS No. 065-8981) was
formed with average crystallite size of 35 nm esti-
mated by the Scherrer formula, Fig. 4a. Moreover, the
presence of Co (JCPDS No. 96-901-1625 and JCPDS
No. 001-1254) and Sm,O; phases (JCPDS No.013-0244)
were revealed with average crystallite sizes of 19 and
29 nm, respectively.

By reducing the Sm:Co ratio to 1:3.5 (sample II),
hexagonal Sm,Co;, phase (JCPDS No. 035-1368) and
cubic Co phase (JCPDS No. 089-7093) were formed
with average crystallite size of 24 and 23 nm, respec-
tively, Fig. 4b. The two samples (I and II) show the
formation of the Co phase as the major synthesized
phase.

In order to achieve the majority formation of the
SmCo phase, the Co ratio was decreased in sample III
to 1:2.0 of Sm:Co ratio. Therefore, Fig. 4c shows the
typical diffraction peaks of hexagonal SmCos (JCPDS
No. 056-0085) such as (111) and (101). Furthermore,
a hexagonal Sm,Co, (JCPDS No. 056-3640), rhombo-
hedral Sm,Co;; (JCPDS No. 019-0359) phases, and a
few diffraction peaks of cubic Co phase (JCPDS No.
900-8467) were formed. Sm—Co permanent magnets

(a) Sample (I)

8 SmCos * Smo03 1 Co

Intensity (a.u.)
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commonly possess a number of stable binary equilib-
rium phases, such as SmCos, Sm,Co,;, Sm,Co,, and
SmCo;. Among the various phases produced with
chemical synthesis, SmCos and Sm,Co,, possess large
magnetocrystalline anisotropy and superior magnetic
properties [36]. The average crystallite size was esti-
mated to be 18, 25, 23, and 24 nm for the previous
formation phases, respectively.

The discrepancies between the Sm:Co ratios in the
actually prepared samples and those in theory are
imputed to the possibility of evaporating and oxidiz-
ing a fraction of Sm meanwhile the synthesis process
[37]. Besides, Sm,05 did not achieve a full reaction
with Co in the process of reduction, resulting in a
trace of the Sm,0; phase observed in the XRD pat-
tern, Fig. 4a.

The possible reaction mechanism during the prepa-
ration process can be explained as follows [19, 38]:

Sm(NOj;), - 6H,O + Co(NO;), - 6H,O + 2EDTA

— Sm,CO;(EDTA), + 12H,0 + 5HNO;
2)

(b) sample (II)

tCo
6 SmaoCoq7

Intensity (a.u.)

30 40 50 60 70 80
20 (deg.) 20 (deg.)
(c) Sample (I1I)
ASm,Co; §SmCo; 6Sm,Co,; tCo
S
s
2
®
c
]
£

60 70 80

20 (deg.)

Fig. 4 The XRD patterns of the final produced powder of the samples with Sm:Co ratios of a 1:4.0, b 1:3.5 and ¢ 1:2.0
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800°C(air)
5m2C03(EDTA)2 — Sm203 + CO304 (3)
+ 16H,O 1 + 6NO, 1 +20CO, 1t
900°C(argon)
Sm,0; + Co30,+Ca + KCI — 4)

SmCo (with different ratios) + Co + 7CaO

3.3 Microstructural observations

Figure 5 presents the field emission-scanning electron
microscope (FE-SEM) micrographs of the produced
powder after the reduction and washing process for
the three samples. The morphology of Sm-Co parti-
cles, size distribution, and elemental distribution were
investigated.

Fig.5 a, b, c FE-SEM
micrographs of the samples
with Sm:Co ratios of 1:4.0
D), 1:3.5 (1), and 1:2.0 (IID);
d, e, f the average particle
size distribution
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The particles of sample (I) are observed in the form
of nanoplates with an average thickness of 43 nm, as
shown in Fig. 5a, d. Samples (II) and (III); in contrast to
sample (I), the particles of these samples are composed
in the form of nanowires. Sample (II) has a diameter
size distribution in the range of 27 nm, as shown
in Fig. 5b, e. The sample (III) has a slightly smaller
diameter size distribution, ranging around 25 nm, as
depicted in Fig. 5¢, f.

Furthermore, the samples had a certain degree of
aggregation of the particles. The annealing process can
lead to this aggregation of particles in the samples.
Additionally, during the washing process of Sm—Co
nanoparticles, various treatment solutions can be used.
The choice of treatment solutions and their proper-
ties can influence the final surface characteristics of

0 5 10 15 20 25 30 35 40 45 50 55 60

Partirla ciza (nm)
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the nanoparticles [39]. It is notable that the crystallite
size obtained from XRD patterns is close to the average
particle size extracted from FE-SEM images.

The EDX measurements were carried out to verify
the presence of the different elements in the samples
and the results are illustrated in Fig. 6. EDX results
showed the presence of samarium and cobalt, which
represent the main elements of the samples. For sam-
ple (I) with Sm;Co, ratio of x=4 and additional peak
of O was observed in the EDX spectrum, Fig. 6a.

3.4 Magnetic properties

The magnetic coercivity of materials depends on sev-
eral parameters including phase composition, impurity
phases, crystallinity, and are directly related to particle
size. When the particle size decreases, it usually leads to
decreases in the magnetic properties. Due to the decreas-
ing particle size, the magnetic anisotropy energy for par-
ticles responsible for holding the magnetic moment along
specific directions becomes weak [36]. In contrast, the
coercivity reaches its maximum value at a critical domain
size which is equal to the size of a single domain [40].
The critical size of a single magnetic domain for different
types of Sm—Co such as Sm,Co,, SmCo;, and Sm,Co;; is
about 1600, 1120, and 550 nm, respectively [41].

Figure 7 depicts the magnetic hysteresis loops
(M-H) of the three samples measured at room tem-
perature with an applied magnetic field of 20 kOe. It
is observed that all the samples demonstrated ferro-
magnetic behavior.

The magnetic parameters involving the coercivity
(H,), the saturation magnetization (M,), the remanence
magnetization (M,), and the squareness ratio (M,/M,)
ratio were extracted and listed in Table 1.

As presented, sample (I) has low H, and high Mg
values which could be due to the existence of the
Sm,0O; impurity phase and the presence of soft mag-
netic phase Co. Sample (II) has the majority of Co
phase with small particle size, this reduced H, and
M; values to 729 Oe and 64.52 emu/g, respectively,
despite the formation of Sm,Co,, phase. In sample
(II), the reduction of Co ratio resulted in the forma-
tion of majority phases of SmCo and a low Co soft
phase. This led to an improvement in the coercivity
value H, and reached the highest value of 2161 Oe
among the three samples. Meanwhile, this sample
exhibited a maximum squareness ratio M,/M, of 0.57,
which was the highest among all the other samples.
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The variations of magnetic properties with respect to
the cobalt ratio are presented in Fig. 8. Furthermore,
the observed decrease in saturation magnetization for
sample (IIT) was most likely attributed to the decrease
in crystallinity as well as particle size.

Further investigations can be conducted to opti-
mize the magnetic properties by studying the effects
of annealing time and annealing temperature as well
as further controlling the Co/Sm ratio [10, 27, 42].

4 Conclusion

In this study, the sol-gel auto-combustion method and
the reduction—diffusion strategies were combined to cre-
ate Sm—Co nanoparticles. For instance, three samples of
Sm;Co, compositions with different cobalt ratios (x=4.0,
3.5, and 2.0) were prepared. The precursor oxides were
successfully tailored using Sm and Co nitrates with
EDTA as a fuel for the first time. EDTA has the advan-
tage of chelating most metals that are cross-linked eas-
ily to form a gel related to four carboxylate groups. The
precursor powders were considered and depicted the
formation of Sm,0; and Co;0, phases with good crys-
tallinity. SmCo/Co nanocomposites were obtained after
the reduction—diffusion process utilizing Ca as a reduc-
ing agent. The thermogravimetric analysis evinced the
proper annealing temperature 800 ‘C to form metal oxide
components. Additionally, XRD, FE-SEM, EDX, and VSM
were used to analyze the structure, shape, size, elemen-
tal analysis, and magnetic characteristics of the produced
particles.

When adjusting the Sm and Co ratio to 1:2.0 in
precursor compounds, permanent magnetic phases
of SmCos, Sm,Co,, and Sm,Co,; were acquired. The
microstructures of these particles displayed a nanow-
ire-like structure with an average diameter of 25 nm.
Furthermore, magnetic measurements revealed that
this sample had the highest coercivity H, of 2161 Oe
and a maximum squareness ratio M,/M, of 0.57.
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Fig. 6 EDX spectra of the 4000
samples Sm,;Co, composi-
tions of ax=4.0, b x=3.5,
and ¢ x=2.0
3000
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