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Abstract

The paper proposes the use of contact low-temperature non-equilibrium plasma for the synthesis of cobalt ferrite.
The influence of the pH of the reaction medium, temperature, and duration of treatment on magnetic properties, the
intensity of X-ray diffraction peaks, the average size of crystallites, and the value of dislocation density were
determined using the central composite rotary design of the experiment. The results of X-ray phase analysis,
vibrational magnetometry, and electron microscopy were used to create the models. The results showed that the pH
of the reaction medium is the parameter that has the greatest influence on the growth of cobalt ferrite powder
crystallites and the magnetic properties of the samples. It was established that the largest size of crystallites (505-
560 A) was obtained at high temperatures and pH values. The smallest crystallite size (119-165 A) was obtained ata
temperature of 20 °C, a minimum processing time of 5 minutes, and a pH of 10. Based on the analysis of hysteresis
curves, it is shown that high values of magnetization saturation (120-138 Emu/g) can be achieved at an elevated
temperature of 40 °C and processing time. This is due to the formation of cobalt ferrite with high crystallinity and
large crystallite sizes. Smaller values of saturation magnetization (8-14 Emu/g) are due to the formation of non-
magnetic impurity phases of iron oxides and oxyhydroxides.

Keywords: cobalt ferrite; plasma chemical synthesis; X-ray phase analysis; experimental planning; saturation magnetization;
crystallite size.

AOCTIAXEHHA BIIJIUBY TAPAMETPIB CUHTE3Y HA CTPYKTYPHI TA MATHITHI
BJIACTUBOCTI ®EPUTY KOBAJIbTY

Jlinia A. ®ponoBa, Ipuna B. CkHap
ABH3 «YkpaiHcbkull depacasHutll XiMIKo-mexHo102i4HUTl yHisepcumemy»

AHoTarniqa

JocnifkeHuil BIUIMB NMapaMeTpiB CMHTe3y Ha CTPYKTYPHi Ta MarHiTHi BjacTuBocTi ¢pepurty ko6anbty. B po6oTi
AOCTiJKeHO CcHHTe3 ¢epuTy Ko0O6aabTy IJIa3MOXiMiYHMUM MeToA0M. BusHavenumii BrmiuB pH peakniiiHoro
cepeJlOBUILA, TeMIIEPATyPH i TPUBAIOCTi 06POGKM HA MarHiTHI BJIaCTUBOCTI, iHTeHCUBHICTh MiKiB Ha peHTreHorpami,
cepeAHiil po3Mip KpUCTasiTiB, 3Ha4eHHS TYCTMHM JAMCJIOKaLiid 3a AONMOMOrol IEeHTPaJbHOr0o KOMMNO3HUIiHHOrO
poTraTaGe/JbHOr0 IUIAHYBaHHSI eKCHepHMMEeHTy, 1IN0 G6a3yeTbCs HA pe3yjbTaTaX, OTPUMaHUX MeTOAOM
peHTreHoda3oBoro aHaJji3y, Bi6pauiilHOi MarHiToMeTpii, eJleKTpOHHOI Mikpockomii. CTaTUCTUYHUI aHaAJIi3 AaB
MOKJ/IMBIiCTh KiJIbKICHO OLIiHMTH BIUIMB IapaMeTpiB CMHTe3y Ha o6paHi ¢yHKIii BiAryky. Pe3yabTaTn nokasasny, mo
pH peakuiifHoro cepeoBMia € napaMeTpoM, IKUNA OKa3y€ HAWGIIbIIUI BIVIUB K Ha picT KpUCTaTiTiB mMOpomkKiB
depuTy KOGA/NIBTY, TaK i HA MarHiTHi BJIaCTUBOCTI 3pa3KiB, OTPUMAaHUX NJIa3MOXiMiYHUM METOAOM.

Kawouosi cnoea: deput KobGanbTy; NIa3MOXIMIYHMM CUHTe3; peHTreHo}a30BUHM aHaJi3; IJIAHYBAaHHA EKCIEPUMEHTY;
HaMarHiyeHicTb HACUYE€HHH; PO3MIp KPUCTAJITIB.
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Introduction

The huge demand for nano-sized ferrites
causes significant attention of scientists to the
development of technologies for their synthesis
and the study of physico-chemical properties [1-
3]. Among the spinel ferrites, CoFe;04 occupies a
special place due to its chemical stability, high
mechanical parameters, specific electrical,
magnetic, and catalytic properties, which makes it
possible to use the material in many fields of
application [4-8]. Cobalt ferrite is widely used in
gas sensors [9-11], in medicine [15-17], and in
catalytic processes of organic synthesis [18]. First
of all, this is related to the nanoscale
characteristics of the obtained product, which
depends on the production technology and the
parameters of its implementation [19]. The
analysis of literary sources showed the effective
use of sol-gel technology [20], coprecipitation,
ceramic technology, solvothermal synthesis [21].
Determination of the parameters that have a
certain influence on the synthesis process, as well
as the optimal conditions of such parameters, are
of crucial importance for obtaining CoFe,04 with a
controlled phase composition and structural
parameters. In work [22] cobalt ferrites obtained
by three processes (co-precipitation from aqueous
solutions, co-precipitation in the medium of
microemulsions and thermal decomposition of
organometallic complexes) were considered, and
it was found that the degree of spinel inversion
and, accordingly, the magnetic properties are
determined by the chosen synthesis method.
Studies of the effect of annealing temperature on
the production of cobalt ferrite showed that the
maximum coercive force (1654.25 Oe) was
observed for the sample annealed in the shortest
time (2 hours) and at the lowest temperature
(550°C) [23].

The authors [24] found that variations in the
density of defects and the shape of nanocrystals
determine the distribution of switching fields and
the effective magnetic anisotropy, which reaches
~#1x107 Erg:em3 for 9 nm cobalt ferrite
nanoparticles coated with oleic acid. It is shown
that the values of saturation magnetization for
nanoparticles obtained by various methods are in
the range from 49 to 95 Emu/g due to differences
in stoichiometry, distribution of cations by
sublattices. The opposite dependence of the
increase in coercive force and saturation
magnetization with increasing firing temperature
(600, 700, and 800 °C) is described in [25].

Studies of cobalt ferrite nanoparticles
synthesized by the hydrothermal method have

shown that with an increase in the annealing
temperature, both the saturation magnetization
and the residual magnetization increase, as well as
the coercive force decreases, which is associated
with the transition from single-domain to multi-
channel. the structure at the intersection with a
critical size of ~40 nm [26]. A similar dependence
was also established in [27]. The authors
considered the dependence of the structural and
magnetic properties of co-precipitated cobalt
ferrite on the calcination temperature. As the
firing temperature increases, the crystallite size
increases. In addition, the results of the X-ray
phase analysis indicate that the redistribution of
cations occurs with an increase in the firing

temperature. As a result, the saturation
magnetization increases  with  increasing
calcination temperature and reaches
62.30 Emu/g.

The authors [28; 29] established that the
oxidation process also has a certain influence on
the magnetic, phase and structural properties of
the final product.

For example, cobalt ferrite nanoparticles with a
size of 7-20 nm were synthesized by the
microwave hydrothermal method with rapid
heating at 100, 150, and 200°C [30]. The
magnitude of the saturation magnetization
increases, but the final magnetization and coercive
force decrease with increasing melting
temperature.

That is, despite the large number of works
devoted to the improvement of cobalt ferrite
synthesis technologies, information on the
consideration of this scientific issue is currently
insufficient. The required dependences can be
obtained by constructing experiments that allow
one to evaluate the influence of several factors on
the response function simultaneously.

This work is devoted to the study of the
synthesis of cobalt ferrite by the plasma chemical
method and the study of the influence of the
synthesis parameters on the phase composition,
crystallite size, dislocation density and magnetic
properties.

Experimental

Samples were obtained by pouring with
continuous stirring the appropriate mixture of
0.5 M solutions of cobalt(Il) sulfate, ferrum(II)
sulfate with the required molar ratio of cobalt to
ferrum cations (1:2). The necessary pH was
obtained by adding a 1M NaOH solution, followed
by treatment with a plasma discharge. The
description of the installation is given in [31].
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Measurements of the solution temperature were
carried out in the reactor using a thermocouple;
regulation was carried out by changing the water
flow in the jacket.

The concentration of cobalt cations was
determined complexometrically, ferrum cations -
by permanganate and bichromate methods. To
control the course of the reaction, the reactor was
equipped with an electrode system, which
includes an ESL 43-07 glass electrode for
measuring pH, a platinum electrode for measuring
the oxidation potential, and an EVL-1M3 reference
electrode. All sieges were washed to a negative
reaction for sulfate ion. After exposure, the siege
was separated by magnetic separation. The
washed and filtered sediments were dried at a
temperature of 130 °C. The relative magnetic
properties were determined by a vibrating
magnetometer. The saturation magnetization was
determined from the constructed hysteresis loop.
X-ray phase analysis was performed on a DRON-3
X-ray diffractometer in monochromatized Co-Ka
radiation (AL =1.7902 A). Identification of
compounds was carried out by comparing the
interplanar positions (d, A) and relative intensities
(I/1o) of the experimental curve according to the
data of the PCPDFWIN electronic card. Shooting

was carried out at angles of 10-90 degrees. Phase
analysis was carried out in steps of 0.1 degrees,
duration 5 s. Structural analysis was carried out in
steps of 0.01 degrees, duration 5 seconds. The size
of the crystallites was determined by the formula:

0.944
HKL = o~ A (1)
pCos gHKL

L - size of crystallites, A
20 - scanning angle corresponding to the position
of the maximum in degrees.

The density of dislocations was determined
using the quadratic dependence of the density of
dislocations on the true line broadening:

D311=Ap2
D311 - density of reflection dislocations (311),
B - true extension of the line (311),
A is a coefficient that depends on the elastic
properties of the material and the dislocation
characteristics.

On the basis of previous experiments, we
selected the initial pH of the solution, the plasma
discharge treatment time, and the temperature of
the process as the main technological parameters
affecting the magnetic properties. The following
values of influencing factors were proposed as
boundary conditions (Table 1).

(2)

Table 1
Influential factors and their values in real form
Factor Name Unit of measurement Value
maximum minimum

X1 Temperature 0c 40.0 20.0

X2 time min 20.0 5.0

X3 pH 12.0 8.0

Table 2
Central composite rotatable design (CCRD) in coded and real form
Ne Encoded values parameters Real values parameters
t T pH t, °C T, min pH

1 1 1 1 40.0 20.0 12.0
2 -1 1 20.0 20.0 12.0
3 1 -1 40.0 5,0 12.0
4 -1 -1 20.0 5.0 12.0
5 1 1 -1 40.0 20.0 8.0
6 -1 1 -1 20.0 20.0 8.0
7 1 -1 -1 40.0 5.0 8.0
8 -1 -1 -1 20.0 5.0 8.0
9 1.68 0 0 46.8 12.5 10.0
10 -1.68 0 0 13.2 12.5 10.0
11 0 1.68 0 30.0 25.1 10.0
12 0 -1.68 0 30.0 0.1 10.0
13 0 0 1.68 30.0 12.5 13.4
14 0 0 -1.68 30.0 12.5 6.6
15 0 0 0 30.0 12.5 10.0
16 0 0 0 30.0 12.5 10.0
17 0 0 0 30.0 12.5 10.0
18 0 0 0 30.0 12.5 10.0
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To study the influence of synthesis parameters
on the magnetic characteristics of cobalt ferrite
obtained under the action of a plasma discharge, a
complete three-factor experiment plan of type 23,
supplemented with star points, was created
(table 2).

In Table 2, (-1), (+1) represent the coded
values of the coefficients for the minimum and

maximum levels, respectively. A central composite
rotatable 23 factorial design was used to process
the experimental data consisting of 8 trials (1 and
+1), 4 central points, and 6 axial points (1.68 and
+1.68), resulting in an orthogonal distribution for
a total of 18 experiments.

For a complete 3-factor experiment, the
mathematical equation describing this system is:

Vi = Bo + P1X1 + Paxz +P3x3 +P12X1X2 + P13X1X3+P23X2X3 +P123X1X2X3 + P11X12 + P22X22+B332 3

where yi is the dependent variable (response
function),

Bo, B1, B2, P3 are coefficients corresponding to
independent variables,

B11, P22, P33 are coefficients corresponding to the
squares of the independent variables,

B123 is coefficient of triple interaction of
independent variables,
B12, P23, Piz are coefficients for pairwise

interactions of independent variables.

Calculation of the model and subsequent
optimization were performed using the
STATSGRAPHICS 10.0 program. The obtained
models were tested for the significance of factors,
adequacy of the model according to Fisher's test,
analysis of variance, analysis of Paretto charts.

Table 2 shows the matrix for conducting a full
factorial experiment, which is used to study the
effect of the plasma discharge on the values of the
response functions (values of saturation
magnetization (Ms), crystallite size for the plane
(311) (L), density of reflection dislocations (311)
(D), the intensity of the peaks on the X-ray

patterns (Ixray pic) obtained for the coded
conditions adopted in each experiment in
accordance with the serial number of the samples.

Results and discussion

Fig. 1 shows X-ray patterns obtained for
plasma chemically synthesized samples. X-ray
patterns of samples 1, 2, 4 show only crystalline
ferrite CoFe204 with a spinel-type cubic structure
with space group Fd-3m, according to ICDD card
22-1086 (peaks correspond to d=4.88, 2.94, 2.51,
2.08, 1.7, 1.61, 1.48, 1.322 A). Additional peaks
corresponding to hematite are observed at pH=8.
For example, in sample 3, a small amount of a-
Fe;03 is present, which can be seen from the low
intensity of the corresponding peaks.

Samples obtained at pH=8 show broader peaks
than samples obtained at pH=12, indicating a
smaller crystallite size. Samples obtained at
pH=12 have more intense peaks, which is
characteristic of a highly crystallized phase
(Fig. 1(a, b, ¢, d)).

Table 3
Results of the study of sample properties
Ne Feedback function
MsEmu/g L(311), A [X-ray pic (311) D*10-10, cm-2

1 138.1 462 410 34.3
2 118.1 506 480 28.6
3 66.1 429 380 39.9
4 53.2 437 320 38.3
5 65.9 246 198 120.9
6 8.1 165 96 267.0
7 259 195 98 191.0
8 13.4 209 78 258.0
9 81.9 335 282 78.0
10 39.4 328 234 154.0
11 97.2 356 322 102.0
12 249 309 192 136.0
13 116.2 544 493 14.0
14 6.02 119 224 264.0
15 61.02 330 258 120.0
16 58.3 331 250 122.0
17 59.4 332 254 124.0
18 59.3 331 254 124.0
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Comparing the samples synthesized at t
(Fig. 1b, 2d, 2f, 2h), only the samples synthesized

at the maximum levels of pH and time showed

quite intense peaks.

The isolines presented in Fig. 2 (a, b, c) confirm
that the degree of crystallinity increases with
increasing temperature, pH, and treatment time.

=20 °C

Moreover, it is the pH value of the medium that has

the greatest influence.
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Fig.1. X-ray pattern for sample (numbering according to Table 1)
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Fig. 2. Graphs of the dependence of the intensity of the peaks on the X-ray pattern along the line (311) on the
synthesis parameters a- Ix-ray pic=f(pH, 1), b-Ix-ray pic=f(pH, t), c- Ix-ray pic= f(t, ©) d -Paretto chart

The analysis of crystallite sizes (Table 3) shows
that for powders obtained by the plasma-chemical
method, they have values similar to those
presented by other authors who used co-
precipitation technologies for the production of
cobalt ferrite [4; 6]. Fig. 3 shows the Pareto chart
of standardized effects up to 95 % statistical
significance (p = 0.05). Factors with absolute
values higher than 2.1 are significant in terms of

influence on the average size of powder
crystallites.

Individual factors (pH, time) have a significant
and positive effect on the average size of
crystallites, temperature affects the size of
crystallites much less. In the case of combined
effects, only the interactions between pH and
temperature and between pH and reaction time
affect crystallite growth, with the interaction of pH
and temperature having a negative effect.
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Fig. 3. Graphs of dependence of crystallite sizes along the (311) line on synthesis parameters a - L=f(pH, 1), b-
L=f(pH, t),c- L=f(t, 7) d -Paretto chart

The mutual influence of variables on the size of
crystallites is represented by isolines (Fig. 3). Fig.
3c shows that the contour lines have a significant
curvature, which indicates a non-linear
interaction between the variables (temperature
and time). According to the shape of the contour
lines, a decrease in the pH of the reaction medium
from +2 to -2, as well as a decrease in the synthesis
temperature from +2 to -2 leads to the formation
of ferrite with a smaller crystallite size, a
simultaneous increase in the level of these
variables gives the opposite effect, regardless of
the individual level of both parameters. Analyzing
Fig. 3 a, b, it can be seen that there is an almost
linear relationship between pH and temperature
and pH and treatment time. In the interaction
between pH and treatment time, the influence of
pH prevails. Increasing the pH level from -2 to +2,
as well as increasing the reaction time from -2 to
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+2 causes an increase in the crystallite size. In
addition, for a fixed pH value of the reaction
medium, the influence of the treatment time with
a plasma discharge increases, which also
contributes to the growth of crystallites. A
mathematical model was developed on the basis
of statistical analysis. The model is adequate, the
correlation coefficient is R* = 0.9892.

The largest crystallite size (505-560 A) can be
obtained at high values of temperature and pH
(temperature 40 °C time 20 minutes and pH 12).
The smallest crystallite size (119-165 A) was
obtained at a temperature of 20 °Cand a minimum
treatment time (5 minutes) and a pH of 10.

The regularities of changes in magnetic
properties were studied by analyzing the
constructed  hysteresis  curves.  Magnetic
characteristics are given in Table 3 and Fig. 4 (a, b,
c, d).
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Fig. 4. Graphs of dependence of saturation magnetization on synthesis parameters a- Ms =f(pH, 1), b- Ms =f(pH, t),c-
Ms =f(t, 7) d -Paretto chart

Fig. 4 shows that a high saturation
magnetization (120-138 Emu/g) can be achieved
at an elevated temperature of 40°C and
processing time (samples 1, 2). A high value of
saturation magnetization is associated with the
formation of cobalt ferrite with high crystallinity
and large crystallite sizes. Lower saturation
magnetization values (8.0-14 Emu/g) are due to
the formation of non-magnetic impurity phases of
iron oxides and oxyhydroxides (samples 6, 7, 8).
Statistical processing showed that the standard
deviation was 23.90 and the correlation
coefficient R?2 was 0.99242, which confirmed the
satisfactory description of the experimental data.

Dispersion analysis of the dependence of the
dislocation density in the samples on the synthesis
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parameters showed that the samples obtained ata
pH below 10 have a higher density of dislocations
(Fig. 5a, b, c). Fig. 5 shows the Paretto diagram for
the density of dislocations (cm2), which
emphasizes that the pH of the reaction medium is
an independent variable that has the greatest
influence on the degree of defectiveness of the
samples. Its increase contributes to the formation
of a product with increased crystallinity and a
defect-free structure. Temperature also affects the
density of dislocations, a higher temperature
reduces the defectiveness of the powder,
increasing its quality. An increase in processing
time and temperature has a positive effect on the
quality of cobalt ferrite.

DV: D*10%,sm?

2,0
1,5
1,0
0,5
00 o o °
-0,5
-1,0 °

-1,5 \

-2,0
-2,0 -1,0
-1,5 -0,5

g\

pH

— 320
220
120

— 20

0,0 1,0
0,5

2,0
1,5

temperature
b)



116

Journal of Chemistry and Technologies, 2024, 32(1), 108-118

DV: D*10%,sm?

2,0

1,5
1,0 °
0,5
007 o

time

-0,5
-1,0 °
-1,5

-2,0
-2,0-15-10-0500 05 10 15 20

temperature

)

—0

D=123.12 - 24.44 x1-9.78 X2 - 81.77x3- 9.37X1x2 + 27.55x1X3 + 5.72X2X3

DV: D*10%,sm?

(3)pH(L) B 22
(1)temperature(L) |-6,67941
1Lby 3L | 5,765256
(2)time(L) |-2,67433
1Lby 2L : -1,96186
PHQ|  ]1,345444
2Lby3L :| 1,198043
temperature(Q) :| -,[795724
time(Q|  |-516441
p=,05
Standardized Effect Estimate (Absolute
Value)
d)

(7)

Fig. 5. Graphs of dependence of dislocation density on synthesis parameters
a- D=f(pH, 1), b-D=f(pH, t),c- D=f(t, 1) d -Paretto chart

The effect of pH on the density of dislocations
is explained by the formation of a highly
crystalline defect-free structure of cobalt ferrite.
At solution pH less than 10, the oxidation process
under the action of the plasma discharge occurs
quickly with the formation of an amorphous
defective structure. According to [32], the speed of
the oxidation process is determined by the pH of
the solution, other things being equal. Low pH
values lead to the formation of non-magnetic
phases (goethite, hematite). An increase in pH
slows down the process of oxidation of Fe(II)
hydroxo compounds to trivalent and leads to the
formation of ferrite. This is confirmed by the
dependence of magnetic characteristics on the pH
of the initial suspension. This explains the
symbiotic dependence between the values of
saturation magnetization and the density of
dislocations.

Conclusions

The influence of the synthesis parameters on
the size of CoFe;04 crystallites, the density of
dislocations, saturation magnetization, intensity
of peaks in X-ray diffraction patterns, and phase
composition was determined using the central
composite rotatable planning of the experiment.
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