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The effect of Co and Ni on magnetic properties and microstructure
of BaFe,_«NiyO;9 and BaFe,_,Co0,0;9 powders synthesized
by the hydrothermal method
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In this work, nanoscale powders of Co- and Ni-substituted barium hexaferrites were obtained by hydrothermal
synthesis (BaFei—xCoxO19 and BaFe;,_xNixO19 with x = 0.1, 0.3, 0.5). The obtained samples were analyzed by
several methods, including XRD, EDX, VSM, FTIR and TEM. It is shown that despite the close chemical nature
of Co*" and Ni**, the effect of substitution of Fe’™ by these elements is completely different. Thus, nickel has
virtually no effect on the shape and size of the resulting BaFei»_xNixO19 particles (plate-shaped crystallites with a
diameter of about 200 nm and a thickness of 60 nm). With an increase in the nickel concentration, the magnetic
parameters of the resulting ferrites decrease almost linearly. Cobalt, on the contrary, in a certain concentration leads
to a significant change in the morphology of the particles (thinning of the crystallites to 30 nm or less), resulting in
a sharp decrease in the coercive force of the resulting powders. This effect is due to the fact that cobalt promotes
the formation of the BaFe;,_xCoxO19 phase directly during the hydrothermal treatment of the precursors, whereas
additional high-temperature treatment is required to form BaFe;;_xNixO19 and BaFe;,Oo.
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Introduction

M-type barium hexaferrite (BaM) is a complex oxide
with the stoichiometric formula BaFe;;,09 or BaO-6Fe, 03
and a structure that can be attributed to a spatial group
P63;/mmc [1]. This material has been widely used in various
fields of technology since 1952, when the Dutch company
Philips introduced it as a new material under the name
ferroxdure [2]. Studies of this material remains relevant
today despite the long history of the use of BaM.

The properties of materials are known to depend on the
material chemical composition which provides an option
of their controllable variation. In this regard, a common
method of material modification is isomorphic substitu-
tion — replacement of atoms or molecules with similar ones
in size, shape, and electronic configuration. This strategy
is applied to a wide range of materials [3-7], including
hexaferrites [8-13]. In the structure of M-type hexaferrite,
ferric ions are distributed over five different sub-lattices: 12Kk,
2a, 2b, 4f; and 4f,. Magnetic moments of Fe’* are
oriented along the hexagonal C axis: at positions 12k, 2a
and 2b in one direction (,upward“ spin), and at positions
4f, and 4f, — in reverse direction (,downward“ spin).
Cations of different metals have some ,,preferred positions,
depending on their type and synthesis conditions [14].
Thus, ferrites of the same chemical composition may

17*

have different parameters due to different distribution of
cations across the sub-lattices. This leads to a variety
of combinations of synthesis methods and replacement
elements, which makes it possible to obtain materials with
unique characteristics.

In this paper, the effect of iron substitution on cobalt or
nickel in barium hexaferrite synthesized by the hydrother-
mal method is investigated. This method of synthesis
has not been widely used so far for substituted ferrites,
so the results obtained can be described as new findings.
Additionally, Fe>* — Co*" and Fe’* — Ni*" substitutions
themselves are relatively rare [14]. This is due to the fact
that in such heterovalent substitutions, to sustain the charge
balance the co-doping with tetravalent ions [15,16] is usually
used, which facilitates synthesis, but distorts the effect of Co
and Ni directly on the properties of ferrites.

1. Experiment

Barium hexaferrite powders were synthesized by hy-
drothermal method. A mixture of aqueous solution of
FC(NO3)3 '9H20, Ba(NO3)2 and CO(NO3)2-6H20 (OI'
Ni(NO3;), - 6H,0) with aqueous solution of NaOH in the
ratio of 60 to 20 ml, respectively, was used as a precursor.
The solutions were prepared in such a way that in the
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total volume (80 ml) the concentration of ions (Fe’* + Co*"
(or Ni?*)) was 0.25M, the ratio (Fe+ Co (or Ni))/Ba
was 9, and the ratio OH7/NO; was equal 2.5. The
ratio of Co (or Ni) to Fe was calculated using chemical
formulae BaCoyFejy_xO19 and BaNixFe;2_xO19 (X = 0.0,
0.1, 0.3, 0.5). The prepared solutions were mixed in a 100
ml Teflon beaker, which was sealed in a steel autoclave
and placed in an oven. The autoclave was slowly heated
to 180 °C for 2 h and maintained at this temperature for 4 h.
The separation of the sediment and the liquid solution
was carried out by decantation, followed by washing the
sediment with distilled water until reaching pH 7. Further,
the sediment was dried at 90 °C for 8 h and ground into
powder. After that the powders were annealed in the air
at 900°C for 1h (the heating temperature was 15 °C/min).
X-ray diffraction analysis (XRD) was conducted in the
Centre of Shared Equipment of IGIC RAS using Bruker D8
Advance diffractometer (emission of CuK,, 4 = 0.154 nm,
U =40kV, | = 40mA). Before the measurement, a crushed
silicon crystal was added to the samples as a reference
for calculating the lattice parameters. The obtained X-ray
diffraction data was analyzed by Rietveld method using
Profex software package [17]. The magnetic parameters of
the samples were measured using JDAW-2000D vibration
magnetometer. JEOL JEM-2100 transmission electron
microscope (TEM) was used to study the microstructure
of the samples. Infrared Fourier spectroscopy data was
recorded using InfralLUM FT-08 infrared spectrometer. Ele-
ment mapping and energy dispersion spectra were obtained
using Bruker Quantax 75 scanning electron microscope
(accelerating voltage of 15 kV, emission current 46.9 uA).

2. Results and discussion

X-ray diffraction patterns of the obtained samples were
shown in Fig. 1. The results of samples analysis by Rietveld
method are presented in Table 1. Hexaferrite of M-type
and silicon are the major phases in all samples, however, on
diffraction patterns of Ni-substituted ferrites there’s a low-
intensity reflex on 28.3°, that can be attributed to Barium
monoferrite BaFe;O4 [18]. The presence of two phases
with different ratio Fe/Ba (BaFe,O4 and BaFe;,0;9) may
be confirmed by method of element mapping. Indeed, in
BaFe;;_xNixOj9 samples, the distribution of Fe and Ba is
non-uniform — there are areas enriched in Ba that coincide
with areas deficient in Fe (Fig. 2). Thus, it may be stated
that if Ni* ions are present in the precursor it contributes
to formation of a side phase of BaFe;Oj,.

According to the results of diffraction pattern analysis, the
substitution of with for nickel or cobalt leads to a decrease
in the lattice volume of hexaferrite (Table 1). At that,
both Co?*, and Ni’* have ionic radius larger than that
of Fe3* [19], so the decrease in lattice was not expected.
This effect may be related to the formation of oxygen
vacancies that occur during such heterovalent substitutions
to maintain the charge balance [14,20]. It is also impossible

to exclude the possibility of oxidation of nickel and cobalt to
the trivalent state, in which their ionic radii are already less
than those of Fe3*. According to the research findings [21-
23], the hydrothermal treatment of products of reaction
of Co?t salts with bases leads to formation of Co30y,
ie. to oxidation of part of initial Co?>" ions to Co’*. At
the same time, similar studies using Ni** salts more often
demonstrate the formation of NiO, i.e., preservation of Ni**
valence state [24-26].

Anyway, in these circumstances, it is necessary to confirm
the presence of cobalt and nickel in the samples, for which
an elemental analysis of the samples was carried out, the
results of which are shown in Fig.3 and in Table.2. Since
the amount of Ni or Co in the samples is less than 2 at.%,
it is relatively difficult to detect them. However, correct
scaling on spectra provides the peak values of Co—Kpg,
(7.649keV) and Ni—K,, (7.478keV) demonstrating the
presence of these elements. At the same time, the amount
of nickel in all cases is less than expected, and the amount
of cobalt is higher than expected. This difference can be
explained by assuming, based on the data from [21-26],
that under synthesis conditions Co?* is oxidized to Co’*,
and Ni?* retains its valence. In this case Co** may better
be constructed into the BaFe ;019 lattice compared to Nit,

Co and Ni have different effects on the width of some
hexagonal ferrite reflexes, and, accordingly, on the average
crystallite sizes. Thus, the introduction of nickel has
practically no effect on these parameters, while at a certain
concentration of cobalt, the crystallite sizes decrease sharply
in the direction of [001] (Table 1).

Powder of barium hexaferrite obtained by hydrothermal
synthesis often consist of individual crystallites [20,27,28],
therefore, physical dimensions of grains may match the
dimensions calculated from diffraction patterns. However,
the most reliable information can be obtained only by
direct observation on electron microscope (Fig. 4). As
can be seen, the actual particle sizes differ slightly from
the calculated ones. Nevertheless, the trends observed for
the calculated sizes coincide with those directly observed
in the experiment: there are no noticeable changes with
the growth of Ni concentration, whereas the addition of
Co leads to a decrease in the thickness of the ferrite
plates.

More fine structural differences can be detected using
IR spectroscopy. The IR spectra of ferrites are shown
in Fig. 5. The observed absorption bands are provided
in Table 3. The -characteristic absorption bands for
barium hexaferrite M-type: 430—440, 535—546, 570—592
and 888—900 cm~! [29-33]. Thus, the observed bands 538,
567 and 897 cm~! may be unambiguously attributed to
barium hexaferrite. ~ According to [32], the peak of
about 505cm~! corresponds to the oscillation of Fe—O
bond in 4f; site of the hexaferrite lattice. The band
at 430—440cm~! was not observed in the spectra, but
it can be shifted to 415cm~! due to the nanostructured
state of ferrite [30]. A peak of about 415c¢cm~! was
also observed in the spectra of fine hexaferrite particles
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Figure 1. X-ray diffraction patterns of synthesized powders of BaFe ,_xNixOj9 and BaFe;>_xCoxOio.
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Table 1. Parameters of refinement of synthesized hexaferrite powders diffraction patterns using Rietveld method

Contents of substituting Ni Co
element, formula units 0 0.1 03 05 0.1 03 05
Rywp, % 201 1.95 1.85 2.05 2.05 1.8 1.83
Rexp, %0 1.73 1.78 1.72 1.76 1.77 1.74 1.76
$ 1.35 1.2 1.16 1.36 1.34 1.07 1.08
*a, A 5.893 5.891 5.891 5.890 5.892 5.886 5.887
*c, A 23.208 23.209 23211 23210 23.202 23211 23211
v, A 697.957 697.513 697.573 697.306 697.539 696.39 696.626
** Average size of crystallite [001], nm 61 52 53 50 60 21 13
** Average size of crystallite [100], nm 97 91 95 87 105 73 54

Note. * — analysis error is +0.001 A, ** — calculated according to Profex algorithms

Technical Physics, 2025, Vol. 70, No. 4
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Figure 2. Fe and Ba distribution in samples BaFe;,_xNixOs.

Table 2. Results of quantitative analysis of energy dispersion spectra of samples

Sample O, at% | Fe, at.% | Ba, at.% | Co measured (expected), at.% | Ni measured (expected), at.%

BaFe2019 60.45 3643 312 - -
BaFe;19C00.1019 | 58.11 3734 375 0.8 (0.31) -
BaFe;17C003019 | 5825 36.21 3.89 1.65 (0.94) -
BaFe;;5C005019 | 57.61 371 3.14 2.15 (1.56) -
BaFe 1 9Nig 1019 | 60.15 36.51 3.14 - 0.2 (0.31)
BaFe;17Nig3019 | 49.62 4423 539 - 0.76 (0.94)
BaFe;15NigsO19 | 5833 35.78 4.54 - 1.34 (1.56)

in studies [34,35]. The band 670cm™~! is observed only
for BaFe;y_xNixOj9 spectra. This peak may be related
to oscillations of Ni—O bonds, since it corresponds to
one of the characteristic bands of Nickel oxide (678, 624
and 552 cm~! [36]). The band 770 cm~! may be attributed
to BaFe;O4 [37] or BaCOj; impurities [35]. It should
be noted that this band disappears with the increase of
cobalt concentration and does not depend on the nickel
content. The same tendencies were observed for BaFe,Og4
on diffraction patterns, therefore, the band 770cm™! was
attributed to this phase. The band 858 cm~! together with
a wide doublet 1450 cm~! was caused by the presence

of BaCO;3 impurity [38]. Finally, the bands 1113, 1042,
and 996 cm™! in the spectrum of unsubstituted hexaferrite
may be associated with an admixture of silicon, [39], which
entered the sample during preparation of the latter for
XRD. It should be noted that with the growth of cobalt
concentration, the shape of the spectra changes, namely, the
shoulders at 440—470cm~! and 620—650cm~! disappear.
As mentioned above, the shape of the spectrum is influ-
enced by the microstructure of ferrite [30]. In this case, the
observed transformations of the spectra may be associated
with a decrease in the average particle size caused by an
increase in the cobalt content.

Technical Physics, 2025, Vol. 70, No. 4
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Table 3. Characteristic frequencies of IR radiation absorption by the obtained samples
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Figure 3. Energy-dispersive spectra of powders BaFej2_xCoxO19
and BaFeu_xNiwa‘

The results of magnetic measurements of the synthesized
samples are shown in Fig. 6 and 7. As can be seen, the
coercive force Hc of samples decreases with the growth of
cobalt and nickel concentration, except for BaFe;; 9Cog 1019
powder. Yet, the values of H¢ are relatively (high more
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Figure 6. The magnetic hysteresis loops of BaFei,_xNixO19 and BaFe;;_xCoxOno.
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Figure 7. Magnetic parameters of samples BaFe;,_xNixO19 and BaFej;_xCoxOio.
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Figure 8. Diffraction patterns of samples BaFe;>Oyo,
BaFe;1.5NigsO19 and BaFe;; 5C005019, obtained from the hy-
drothermal synthesis without high-temperature annealing.

than 0.25T) which can be related to small sizes of particles
and their single domain state.

Saturation magnetization also decreases with increasing
of cobalt or nickel content. Cobalt and nickel ions (both in
bivalent and trivalent forms) have a lower magnetic moment
than Fe3*. Thus, a decrease in magnetization is expected
in cases of predominant occurrence of cobalt or nickel
in structural positions with ,upward“ spin. In addition,
saturation magnetization may decrease due to presence of
the antiferromagnetic phase BaFe,;Oy4 in the samples.

In case of Co-substituted ferrites, the decrease in
magnetic parameters may be more related to changes
in particles size than to the concentration of cobalt in
the lattice. As can be seen, a drastic decrease of H.
in BaFej;_xCoxO19 samples occurs simultaneously with
particles thinning with concentration of Cobalt (x > 0.1).
This behavior is consistent with the known dependences
of hexaferrite coercive force on the ratio of the particle
diameter to its thickness [40).

To determine how cobalt ions lead to such significant
changes in the morphology of ferrite crystallites and,
consequently, their magnetic properties, some powders
were studied after hydrothermal treatment (before high-
temperature annealing). Fig. 8 illustrates diffraction patterns
of BaFe12019, BaFe11,5NiO,5019 and BaFe11,5C00,5019 sam-
ples, and Fig. 9 — their micrographs. The diffraction pattern
of BaFe;;019 sample shows that hydrothermal treatment
under such conditions does not lead to the formation
of ferrite, as a result of which additional annealing is
performed at 900°C. The positions of the reflexes of
the obtained powder correspond to ferrihydrite — iron
hydroxide with a non clearly identified composition. The
presence of nickel in the solution did not lead to significant
changes, and ferrihydrite was also obtained as a result of
hydrothermal treatment. Cobalt, on the contrary, promoted

Technical Physics, 2025, Vol. 70, No. 4

the formation of hexaferrite nanoparticles without the need
for further annealing. Thus, the sizes of particles BaFe ;019
(and BaFejy_yxNixOj9) differ from sizes BaFejs_xCoxOio
due to the fact that the first ones are formed during
annealing of ferrihydrite (due to its agglomeration and
dehydration), and the second one is formed directly from
hydrothermal treatment of initial solution. At the same
time, according to the micrographs and the amorphous halo
on the diffraction pattern, ferrihydrite is also present in the
non-annealed powder BaFe;; sCog 5019.

Conclusion

In this study the powders of BaFej;_xCoxOjg
and BaFe;;_xNixOj9 (x = 0, 0.1, 0.3, 0.5) were prepared by
hydrothermal method followed by annealing. The resulting
particles had a lamellar shape with a width of no more
than 200 nm and a thickness of no more than 60 nm. The
addition of nickel had virtually no effect on the morphology
of the particles and led to the formation of a side phase of
BaFe;04. Cobalt, on the contrary, significantly affected the
shape and size of the resulting hexaferrite crystallites and
did not cause the formation of undesirable compounds.

Magnetic parameters BaFej;_yNixOj9 (saturation mag-
netization, coercive force and residual magnetization) de-
creased almost linearly with the growth of X from 0.1 to 0.5.
At that the values of coercive force made more than 0.35T.
Such values are certainly related to the morphology and
single domain state of the particles, which, in turn, are
determined by the synthesis conditions.

Dependence of magnetic parameters of BaFe;;_xCoyxOj9
on X is more complex because of a drastic fall of H; at
X > 0.3. The decrease in Hc is probably due to a change
in the morphology of crystallites with an increase in cobalt
concentration — a more than two-fold thinning of lamellar
crystallites.

The differences in the microstructure and magnetic
properties of ferrites BaFe ,_xCoyxOj9 and BaFej;_yNixOy9
are resulting from a poor impact of nickel ions on ferrite
formation processes: as a result of hydrothermal treatment
of precursor solutions of BaFej;_xNixOj9 and BaFe;;Oy9
the ferrihydrite is formed which is then transformed into
barium hexaferrite after high-temperature annealing with
formation of ferrite particles of a certain fraction. The
presence of cobalt ions in the precursor solution leads to
the fact that hexaferrite particles BaFe;;_xCoxO19 begin to
form directly in the reactor during hydrothermal treatment,
and their initially smaller sizes do not change significantly
after high-temperature annealing.
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Figure 9. TEM images of powders BaFe;»019, BaFe; 5Nig 5019 and BaFe;; 5Cog 5019, obtained from the hydrothermal synthesis without
high-temperature annealing.
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