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Abstract

The single-phase NiFe,O, and CoFe O, ferrites were synthesized by four methods: the
high-frequency plasma chemical synthesis (“plasma”), sol-gel self-propagating combus-
tion method (“combust”), and co-precipitation technology, combined with the hydrother-
mal synthesis (“hydrotherm”) or spray-drying (“spray”). The specific surface area (55A),
crystallite size, and magnetic properties of the synthesized products have been deter-
mined. The synthesized ferrites are nanocrystalline single-phase materials with crystallite
size of 5-40 nm. The SSA of nanoparticles synthesized in plasma is 28-30 m?/g, the particle
size distribution is in the range of 10-100 nm, with some individual particles up to 200 nm.
The SSA of the ferrites obtained by the self-combustion and hydrothermal synthesis is 40
+ 3 and 60 = 5 m*/g, respectively. The SSA of the samples obtained by the spray-drying
method is 80-90 m?/g, and the calculated particle size is 13-15 nm. In this process, pellets
up to 10 um are obtained. After synthesis, CoFe,0O, are characterized by the saturation
magnetization M_ of 75 emu/g (“plasma”), 53 emu/g (“combust”) and 57 emu/g (“hydro-
therm”). The M_ of NiFe204 is 44, 29, and 30 emu/g, respectively. The products obtained
by the spray-drying method are partially X-ray amorphous and show magnetic properties
only after heating above 450°C. These nanopowders were used in sintering studies.
Keywords: NiFe,O,, CoFe,O,, nanoparticles, synthesis, properties
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1. Introduction

Ferrites are a wide range of minerals and synthetic materials, which have attracted a wide range
of scientists” interest due to their various applications. Ferrites are technologically significant
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materials due to their unique electrical, dielectric, electronic, mechanical, magnetic, optical
and catalytic properties. These ferrites are characterized by good magnetic properties [1], low
(NiFe,O,) [2] or high (CoFe,O,) [3] magnetic coercivity, high electrical resistivity and negligible
eddy current loss for high-frequency electromagnetic wave propagation [2], chemical stability
and fairly high mechanical hardness [4], low dielectric losses and high Curie temperature [5].
CoFeO, has a high permeability in the radio frequency range [6], high thermal stability [7],
moderate saturation magnetization [3] and electrical conductivity [8].

The most significant and most popular use of ferrites is in optics, electronics, mechanics and
other technical fields [9]. Ferrites also play a major role in medicine, biomedical applications,
as chemical catalysis and special coatings (antistatic, electromagnetic shielding). Scientific
articles contain extensive information on hyperthermia. This method introduces ferrite
nanoparticles into living organisms and, under controlled conditions, nanoparticles are trans-
ported to the cancerous areas of the body, and cancer cells are destroyed in a magnetic field
by heat treatment [10].

Ferrites have become suitable for many technological applications such as microwave devices
[11] and telecommunication devices, electric motors and generators, as excellent core material
for power transformers in electronics, antenna rods, loading coils and read/write heads for
high speed digital tape [1], tape recorders and discs [3], high-density information storage and
recording devices and as permanent magnets [11], sensors [12], and so on. Magnetic nanopar-
ticles and in particular magnetic fluids (ferrofluids) are particularly important in biotechnol-
ogy and biomedicine —the supply of biomedical drugs and as contrast media [12], in medical
diagnostics [13]. Ferrite materials are widely used in catalysts [12]. In recent years, ferrite
materials have been used to prevent and eliminate radio frequency interference in audio
systems [4], as polarized ferroelectric ceramics in acoustic elements in underwater convert-
ers [14] and microwave absorbing materials [15], including ferrite-containing radar absorb-
ing paints for masking military aircraft [16]. Lately, it has been discovered that cobalt ferrite
nanoparticles can also act as photomagnetic material that shows interesting light-induced
coercivity changes [17].

Ferrites in a nanocrystalline state (i.e., below single domain sizes [9]) are often found to have
unique physical and mechanical properties compared to coarse-grained polycrystalline mate-
rials [18]. It is known that the properties of nanocrystalline ferrite materials, including dielec-
tric constant, conductivity, permeability, and other magnetic properties are determined by
their microstructure [19], which, in turn, is influenced by the method of their production [8],
that is, the synthesis methods [1]. It is well known that the microstructure, in particular the
crystallite size, essentially determines the parameters of the hysteresis loop of soft ferromag-
netic materials [20]. Samples obtained with different synthesis methods show different elec-
trical and magnetic properties [4]. Therefore, many new nanoparticle production techniques
have been developed in recent years.

Ferrites, as the majority of ceramic materials, are obtained by reactions of solid phase from
various oxides [21]. The development of nanotechnological processes has resulted in the devel-
opment of several liquid phase and gas phase synthesis methods—chemical co-precipitation
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method [22], the sol-gel method [23], combustion reaction synthesis [24], hydrolysis [25],
hydrothermal synthesis [26], salt melt technique [6], pyrolysis, various microwave synthe-
sis methods [1] including microwave refluxing [27], microwave plasma [28] and microwave
hydrothermal methods [29], high energy ball milling techniques [30], microemulsion methods
[31], sono-chemical reactions [32], vapor deposition [33], precursor methods [34] and plasma
synthesis [35].

In this work, we have tried to summarize our research results on ferrite nanoparticles pro-
duced by different methods and to compare their properties, including magnetic properties.

2. Experimental procedure

In research, nickel and cobalt ferrite nanopowders are obtained by the chemical sol-gel
self-propagating combustion (“combust.”) method [36], the co-precipitation technology in
combination with hydrothermal synthesis (“hydrotherm.”) [37] or spray-drying (“spray”)
[38] method and high-frequency plasma chemical synthesis (“plasma”) [39]. The obtained
nanopowders have been studied for mechanical and magnetic properties.

The synthesis of cobalt and nickel ferrites by the sol-gel self-propagating combustion
method was carried out using reagent grade chemicals: Co(NO,),.6H,O, Ni(NO,)-6H,O,
Fe(NO,),-9H,0, glycine, nitric acid [36]. A 100 ml 0.1 M cobalt (or nickel) nitrate solution was
added to a 200 ml 0.1 M iron nitrate solution. The glycine was separately dissolved in 100 ml
of distilled water, nitric acid added and both added to the nitrate mixture. Glycine (Gly) was
used as a self-combustion agent with a molar ratio Me/Gly = 1: 0.8 and Gly/Nitr. = 1:4. The
mixture was evenly stirred until the mixture has congealed. Then the mixture was heated
until it ignited, and the heating was continued at 300°C for 4 h.

By the co-precipitation method, cobalt and nickel ferrites were synthesized using reagent
grade chemicals: FeCl,6H,0, urea, Co(NO,),6H,O or Ni(NO,),6H,0, NaOH [37]. The precur-
sor was obtained as follows: urea was hydrolyzed for 3 h in a FeCl,6H,O solution (molar ratio
of 3: 1) at 70-75°C. Cobalt or nickel nitrate was added the cooled reaction mixture. The molar
ratio FeCl,6H,0: Co(NO,),6H,O or Ni(NO,),6H,O corresponds to the metal ion stoichiom-
etry in ferrite. Continually stirring the suspension with 40% NaOH solution, cobalt or nickel
hydroxide was slowly precipitated until the pH of the suspension reached 9-10. Then the
suspension was placed in an ultrasonic bath for 20 min and then treated for 24 h at 40°C. The
sediment was then washed with distilled water by decantation until the presence of Cl ions
was no longer detected. Next are two processing options:

A. by the hydrothermal method, the volume of the hydroxides mixture is reduced by decant-
ing to 250 ml, poured into the reaction vessel and placed in an autoclave. The hydrox-
ide mixture was then treated hydrothermally at different temperatures (200-250°C, 1-3 h,
p = 17-17.5 MPa). After hydrothermal treatment, the formed precipitate was filtered with
a water jet pump using a 5 um membrane filter and washed with distilled water and dried
at 40°C;
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B. for spraying the hydroxide mixture with the spray-drying method, the pelleting machine
was used developed by RTU Institute of Inorganic Chemistry. Main parameters of the
suspension spray: hot air temperature and consumption of 370°C and 24 m*/h, tempera-
ture in evaporating chamber 120-130°C.

Technological equipment developed by the Institute of Inorganic Chemistry of the Riga Technical
University [35] was used for the production of ferrites by means of high-frequency (HF) plasma
chemical synthesis. Commercial metals and metal oxides (Ni, Co, NiO, CoO and FeO) powders
were evaporated in HF plasma to obtain ferrites. All raw materials in stoichiometric ratios (to
obtain NiFe,O, and CoFe,O,) were injected into nitrogen plasma at an average temperature of

5800-6200 K. After evaporation of the raw materials, the vapor was cooled very quickly with the
cooling gas (air) and the product condensed on the filter in the form of nanosized ferrite particles.

Ferrite nanopowders for sintering were prepared as follows: the ferrite nanopowder sam-
ples were mechanically mixed for 1 h in a planetary mill with 3% by weight of stearic acid
(400 rpm, ZrO, container, ZrO, ball material) using isopropanol as a dispersing medium.
Stearic acid was used for better pressing. After mixing, the samples were dried in an oven
at 80°C and sieved through a 200 um sieve. For sintering without pressure samples were
pressed (200 MPa) as tablets with a diameter of 12 mm and a height of 4-6 mm. Stearic acid
was burned out at 600°C. Samples were sintered at 900-1300°C in an air atmosphere at a rate
of 10°C/min in an oven LHT-08/18 (Nabertherm GmbH) for 2 h.

All samples were analyzed using the X-ray diffractometer Advance 8 (Bruker AXS). The size
of the crystallites was calculated using the Scherer’s equation. The magnetic properties of
the synthesized ferrites were analyzed using vibrating sample magnetometry (VSM Lake
Shore Cryotronics, Inc., Model 7404 VSM). The SSA was measured using the BET single point
method. The size and morphology of the particles as well as the microstructure of the sintered
material were studied using transmission electron microscope JEM-100S (JEOL) and a scan-
ning electron microscope Mira/Tescan and Tescan Lyra-3 on the fracture surfaces. The density
and open porosity of the sintered samples were determined by the Archimedes method.

3. Results

The characteristics of synthesized ferrites are given in Table 1 and Figures 1-5. It has been found
that all synthesized ferrites, with the exception of the spray-drying method, are nanocrystalline
stoichiometric single-phase powders (Figure 1) with a SSA in the wide range of 30-55 m?/g
depending on the synthesis method and calculated (average) particle size of 2040 nm (Table 1,
Figure 2). The crystallite size of these ferrites is also in the range of 10-40 nm. During the spray-
drying process high-dispersity nanoparticles, mainly consisting of cobalt or nickel ferrite, iron
hydroxide FeO(OH), and X-ray amorphous part of the sample [38] were obtained. The SSA of
these samples was in the range of 80-90 m*/g (Table 1), but the calculated average particle size
was 13-15 nm [38]. In this process, pellets of up to 10 um were obtained (Figure 3).

The finer particles were obtained in the spray-drying process, hydrothermal and sol-gel self-
propagating combustion synthesis, but the distribution of the particle size of ferrites obtained
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Sample SSA, d,, Crystallite size, Phase composition M, M, H, Oe
m?/g nm’  nm emu/g  emu/g

CoFeO, (plasma) 29 39 40 CoFe O, 754 32.0 780

CoFe O, (combust.) 37 31 20 CoFe O, 53.4 20.3 1170

CoFeO, (hydrotherm.) 54 21 10-12 CoFe O, 50.1 12.6 390

CoFeO, (spray) 84 14 — p-a. CoFe,O,, — — —

FeO(OH)

NiFe,O, (plasma) 29 38 40 NiFe,O, 44.2 10.0 74

NiFe, O, (combust.) 43 26 10 NiFe,O, 21.4 2.3 81

NiFe,O, (hydrotherm.) 42 26 22 NiFe,O, 39.0 2.6 23

NiFe,O, (spray) 85 13 — p-a. NiFe,O,, — — —

FeO(OH)

"Average particle size calculated from SSA.

p-a.—partially amorphous; M_—saturation magnetization; M —remanent magnetization; H —coercivity
S I [

Table 1. Properties of synthesized ferrite nanopowders.
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Figure 1. XRD pattern of ferrite nanopowders.
by the plasma synthesis is the most extensive (20-100 nm) with individual particles up to
200 nm. Plasma-derived particles are spherical.

The samples obtained at the optimal synthesis conditions were very clean because any other addi-
tional phase (usually magnetite, maghemite, hematite or other metal oxides) was not found by
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100 nm

Figure 2. The electron microscope image of CoFe,O, (A, C) and NiFe,O, (B, D) obtained by the plasma synthesis (A),
self-combustion (B), hydrothermal (C) and spray (D) methods.
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Figure 3. The electron microscope (SEM) images of spray-dried NiFe O, at different enlargements.

the X-ray analysis. By analyzing samples of ferrites produced by different methods, slight differ-
ences in relative intensity and width of reflexes, indicating differences in crystallite size (Figure 1),
can be seen in the X-ray images. The self-combustion and hydrothermal synthesis methods give
nanopowders with a lower crystallite size than those obtained by plasma synthesis (Table 1).

The magnetic properties of the nanoparticles obtained by the plasma synthesis process (Table 1,
Figure 4) are very close to those of the standard dense material (CoFe,O, magnetic saturation
values are 80 emu/g and NiFe,O, 50 emu/g [40]). In contrast, the samples prepared by self-
combustion and hydrothermal method have different magnetic properties than those obtained
by plasma synthesis. This is probably due to difference in the size of nanoparticles obtained by
plasma, self-combustion and hydrothermal synthesis. The products obtained by the spray-dry-
ing method have magnetic properties only after heat treatment at 400-450°C at 550°C, the satu-
ration magnetization of nickel ferrite is 16.9 emu/g, while for the cobalt ferrite is 51.3 emu/g.
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Figure 4. Magnetic properties of ferrites synthesized by the spray-drying (1) at 450°C, sol-gel self-combustion (2) and
hydrothermal (3) method and in plasma (4).
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Figure 5. XRD pattern of the hydrothermally synthesized CoFe,O, nanopowder prepared at: 1-200°C, 1 h; 2-230°C, 1 h;
3-250°C, 1 h.

Another interesting feature of nanoparticles synthesized in this study is their magnetic behav-
ior, that is, although for all synthesized powders the particle size is below the critical size of a
single domain (about 70 nm [41]), quasi-supermagnetic behavior is observed only for plasma-
synthesized NiFe,O, nanoparticles.

As an example of the impact of synthesis parameters, CoFe, O, hydrothermal synthesis can be
mentioned. Synthesizing at 200°C for 1 h, the product contains also FeO(OH) in addition to
the basic phase (Figure 5). The product has weak magnetic properties (Table 2). Experiments
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No Mode, SSA, m*/g d,,nm" Crystallite size, XRD phases Magnetic properties
°C/h nm M, M, emu/g H, Oe
emu/g
1 200/1 58 20 ~10 CoFe,0O, FeO(OH) 13.2 2.6 105
2 200/3 59 19 13-14 CoFe,O, — — —
3 23011 63 18 10-13 CoFe,O, 50.0 10.2 494
4 230/3 55 21 15-16 CoFe,O, 58.9 17.8 643
5  250/1 61 19 12-13 CoFe,O, 57.3 17.3 566
6  250/3 62 18 10-12 CoFe,O, 59.8 16.8 574
"Calculated from SSA.

Table 2. Characteristics of CoFe,O, nanopowders prepared hydrothermally.

have shown that the optimum synthesis temperature, when the pure one-phase product is
formed, is from 230°C. Increasing the processing temperatures (up to 250°C) and time (up to
3 h) does not significantly affect the size of the specific surface area and crystallite. Increasing
of the synthesis temperature and hydrothermal treatment time results in a small increase in
magnetic characteristics (saturation magnetization M, remanent magnetization M_and coer-
civity H ) (Table 2).

After thermal treatment at higher temperatures, ferrite nanopowders synthesized by self-
combustion, hydrothermal and spray-drying method, tend to decrease their SSA, but the par-
ticle size and crystallite size increase (Figure 6). This trend can be explained by the fact that
the particles recrystallize and grow at higher temperatures, so the specific surface decreases.
With the increase of crystallite size, the saturation magnetization and remanent magnetiza-
tion of ferrites increase (Tables 3 and 4, Figures 7 and 8). For example, after thermal treatment
of CoFe,O, obtained by self-combustion and hydrothermal method at 800°C and more, the
saturation magnetization increases to 80 and 72 emu/g, respectively.
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Figure 6. Specific surface area (SSA) and crystallite size comparison depending on temperature for NiFe,O, and CoFe,O,
synthesized by the sol-gel self-combustion (A), the hydrothermal (B) and spray-drying (C) method.
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Samples Heating temperature, °C M, emu/g M, emu/g H, Oe
CoFe, O, combust. Raw powder 53.4 20.3 1170
450 55.0 21.7 1190
650 76.1 39.3 1350
850 79.9 35.7 930
900 79.8 31.3 980
CoFe,O, hydrotherm. Raw powder 50.0 10.2 495
400 50.1 12.6 390
600 62.8 22.4 760
800 71.6 28.9 875
CoFe,O, spray Raw powder — — —
350 — — —
550 51.3 14.7 649
750 61.1 22.3 878
950 76.8 34.1 1067

Table 3. Magnetic properties of CoFe,0O, synthesized by the sol-gel self-combustion, hydrothermal and spray-drying
methods after thermal treatment (2 h at different temperatures).

The spray-dried powder after the synthesis and granulation is partially amorphous and con-
tains a small amount of FeO(OH). After heat treatment, starting from 400 to 450°C, a stoichio-
metric, single-phase nanocrystalline powder (NiFe,O, or CoFe O,) (Figure 9) was formed,
with SSA from 100 (at 350°C) to 20 m?/g (at 950°C) (Figure 6). The crystallite size at 350°C is 4
and 6 nm, respectively for NiFe,O, and CoFe,O,, which increases with the increase of the pro-
cessing temperature. The saturation magnetization (M) of the NiFe,O, and CoFe,O, ferrites
increases, respectively, from 6 and 15 emu/g (at 450°C) to 40 and 77 emu/g (at 950°C) (Tables 3

and 4, Figure 8).

The relative density of samples before sintering was of 51-52% for plasma synthesized prod-
ucts and of 31-33% for products obtained by other methods. This shows that the ferrite
nanopowders obtained by these methods are more difficult to compress because their par-
ticles are finer than ferrite powders synthesized in plasma.

Nanosized ferrite powders were sinteredat 900-1300°C. The density of ferrites after the heat
treatment is shown in Table 5.

The sintering process of plasma synthesis products is the fastest compared with all inves-
tigated nanopowders: they have a high density at 900°C, but above 1000°C, the density is
approaching already 100%. CoFe,O, ferrites synthesized by other methods have a relatively
high density at 1100°C, while NiFe,O, ferrites require the temperature of 1200°C or higher
to achieve high density. Although the sintering temperature of the ferrites obtained by the
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Samples Heating temperature, °C M, emu/g M, emu/g H, Oe
NiFe,O, combust. Raw powder 29.0 6.0 120
450 314 4.8 130
650 374 9.1 200
850 45.2 14.8 145
900 47.4 15.0 135
NiFe,O, hydrotherm. Raw powder 37.4 2.6 23
400 36.7 3.8 34
600 40.2 5.2 55
800 42.6 5.0 70
NiFe,O, spray Raw powder — — —
350 — — —
550 16.9 1.1 57
750 21.6 4.5 214
950 40.0 8.6 151

Table 4. Magnetic properties of NiFe O, synthesized by the sol-gel self-combustion, hydrothermal and spray-drying
methods after thermal treatment (2 h at different temperatures).

o, emulg |
| 60 - 2 B o, emulg o 6
1 ' " B ' 5
40
20
-10000 -5000 5000 10000 5000 10000
| Hc, Oe Hc, Oe
-80 -60

Figure 7. The magnetic properties of the sample CoFe,O, prepared by the hydrothermal synthesis (A) after thermal
treatment at 400°C (1), 600°C (2) and 800°C (3), NiFe,O, prepared by the self-combustion synthesis (B) after thermal
treatment at 450°C (4), 650°C (5) and 850°C (6).

spray method is slightly higher, they could be the most promising on the technological point
of view among all these nanopowders because they are flowing and can be pressed without
further treatment.
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Figure 8. The magnetic properties of samples of CoFe, O, and NiFe, O, after thermal treatment at 450 (1), 650 (2) and 950
(3)°C prepared by the spray-drying method.
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Figure 9. XRD pattern of spray-dried CoFe, O, and NiFe O, ferrite nanopowders.

The crystallite size grows slightly during sintering: from 70 to 80 nm at 1100°C to 120-
140 nm at 1300°C. For example, the crystallite size of hydrothermal CoFe,O, varies from 10
to 13 nm in the raw powder to 75 nm (1000°C) and 150 nm (sintered at 1200°C). The grain
size of samples sintered at 1200°C, obtained from self-combustion, hydrothermal and spray-
dried powders, does not exceed 1 to 6 um (Figure 10). As a result of high sintering activity,
the grain size of plasma-synthesized ferrite outweighs: 10-15 um for NiFe O, and 10-30 um
for CoFe O,.

Compared with the ferrite nanopowders, ceramic materials have a higher saturation magne-
tization (Figure 11) and lower coercivity. This could be explained by the increase in grain size
and crystallite size. An increase in the temperature of the sintering results in the increase of
the grain size and magnetization for all ferrite materials, while coercivity decreases (Table 6).
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Sample Sintering temperature, °C

900 1000 1100 1200 1300

o, % POP_, % 0,% PDP., % 0,% Pop., % Q,% POP_, % 0,% PDP., %
CoFe,O, (plasma) 82.6 16.0 97.0 02 985 0.1 97.9 0 — —
CoFe,0, (combust.) — — 65.7 334 783  21.6 93.4 3.1 — —
CoFe,O, (hydrotherm.) — — 81.3 142 943 08 95.0 0.1 — —
CoFe,O, (spray) — — 623 355 90.0 88 90.8 47 951 07
NiFe,O, (plasma) 879 121 994 02 999 0.1 100.0 0 — —
NiFe,O, (combust.) — — 724 255 877 94 96.1 1.6 — —
NiFe,O, (hydrotherm.) — — — — 79.1 198 85.8 12.0 — —
NiFe O, (spray) — — 522  44.0 69.5  27.6 85.3 12.1 9.7 71

o—density; P —open porosity.

Table 5. The relative density and open porosity of ferrites depending on sintering temperature (after 2 h sintering).

SEM MAG: 10.00 kx  Vac: Hivac MIRAW TESCAN SEM MAG: 10.00 kx ~ Vac: HiVac MIRAW TESCAN
SEM HV: 15.00 kV Date(m/d/y): 07/01/15 5 pm SEM HV: 15.00 kV Date(m/d/y): 07/01/15 5 pm _g?;
WD: 9.628 mm Det: SE Detector Riga Technical University WD: 8.122 mm Det: SE Detector Riga Technical University I&é

View field: 19.2 ym

Figure 10. Typical SEM image of NiFe,O, (a, D) and CoFe,O, (B, C, E) ceramics sintered at 1200°C 2 h. The powders are
prepared by hydrothermal (A, B), sol-gel self-propagating combustion (C), spray-drying (D) and plasma (E) methods.
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Figure 11. Magnetic properties of CoFe,O, (a) and NiFe,O, (B) ferrite, sintered at 1200°C from different powders: 1—
hydrothermal, 2—spray-drying, 3—combustion, 4—plasma.

Heating temperature, °C CoFe,O, NiFe,O,

M, emu/g M, emu/g H,O0e M, emu/g M, emu/g H, Oe

Self-combustion

1200 82.6 6.9 190 — — —
Hydrothermal

1100 77.0 20.7 493 40.4 6.5 102
1200 81.3 14.1 169 46.0 1.7 15
Spray

1100 74.6 15.3 427 48.0 3.0 35
1300 73.8 5.9 187 47.0 24 11
Plasma

1100 81.8 14.0 258 45.7 3.8 35
1200 83.6 8.0 110 46.3 0.7 11

Table 6. Magnetic properties of CoFe,O, and NiFe,O, ceramics after 2 h sintering.

The magnetic properties of the samples sintered at 1200°C are almost the same regardless
of the method of extracting ferrite powders: saturation magnetization for CoFe,O, is of
80-84 emu/g and 46-48 emu/g for NiFe O,.

4. Conclusions

Single-phase nickel and cobalt ferrite nanopowders can be successfully synthesized by the
chemical sol-gel self-propagating combustion and co-precipitation method combined with
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hydrothermal synthesis or spray-drying method as well as high-frequency plasma synthesis.
The magnetic properties of synthesized ferrite powders depend on their synthesis method.

Comparing the methods for obtaining ferrite nanopowders described earlier, we can say that
plasma synthesis currently is the most productive method resulting in the highest magnetic
properties (75 emu/g for CoFe O, and 44 emu/g for NiFe O,). The disadvantage of this method
is the presence of particles exceeding the size of 100 nm in a product that is not acceptable in
all applications.

The chemical sol-gel self-propagating combustion and hydrothermal synthesis methods
enables the production of smaller particles (SSA =35-55m?*g; average particle size 20-30 nm)
with less explicited magnetic properties (50-55 emu/g for CoFe,O, and 2040 emu/g for
NiFe,O,) after synthesis, which can be increased after heat treatment at temperatures up to
800°C. The lack of these methods is a time-consuming process of filtering nanoparticles.

The filtration process can be bypassed by the spray-drying method. Here, the smallest parti-
cles of the powder (SSA = 80-90 m?/g, average particle size 10-15 nm) are obtained, but due to
the low processing temperatures, they have no explicited magnetic properties. Magnetic prop-
erties are observed after additional treatment starting at 400-450°C. However, the granular
product is well suited for automated pressing processes for production of ceramic materials.

Sintered materials have higher magnetic properties than nanopowders. Magnetic properties of
samples sintered at 1200°C are almost the same regardless of the method of obtaining ferrite
powders: the saturation magnetization of CoFe,O, is 80-84 emu/g and 4648 emu/g for NiFe,O,.
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