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FABRICATION AND PHYSICAL
PROPERTIES OF MAGNETITE AND ZINC FERRITE

The possibility of producing magnetite and zinc ferrite nanocrystals using the electrolytic
method has been studied. The synthesis of nanoparticles occurred in an electrolyzer with Fe or
Fe + Zn electrodes immersed in an aqueous solution of NaCl. X-ray diffraction (XRD) studies
were applied to determine the composition of the obtained specimens, the nanocrystal sizes, and
the crystal lattice parameters. The nanocrystal sizes were calculated using the Debye—Scherrer
formula, the Williamson—Hall method, and the dimensional deformation method. It was shown
that the application of iron electrodes leads to the formation of magnetite nanocrystals, whereas
the combination of iron and zinc electrodes results in the appearance of the “zinc ferrite—zinc
oxide” system. Analysis of the Raman spectra of the studied specimens confirmed the XRD
results.
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1. Introduction

According to their magnetic properties, all substan-
ces are classified into three main types: diamagnetics,
paramagnetics, and ferromagnetics. Among those
substances, ferromagnetics have found the most wide-
spread application. They are used to construct mag-
netic circuits in electrical machines, such as trans-
formers, DC and AC machines, devices for recording,
storing, and reproducing information, etc. Ferromag-
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netic materials include iron, nickel, chromium, rare
earth elements, their alloys and oxides, as well as nat-
ural iron-based minerals, in particular, magnetite [1].

Among ferromagnetics, a special class of materi-
als, ferrites, has to be distinguished. They differ from
ordinary metallic ferromagnets by their high elec-
trical resistance. Today, hundreds of various ferrite
brands are known, which are different in chemical
composition, crystal structure, and magnetic, opti-
cal, and other properties. Besides single-component
ferrites, two- and multicomponent ferrites have been
widely used, and the areas of their application are
permanently expanding. Most ferrites possess mag-
netic properties even at high temperatures; in ad-
dition, they have high resistivity and low dielectric
losses. Ferrites that crystallize in the spinel structure,
and the chemical formula of which is MeFe;Qy4, where
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Me denotes the cations Fe, Co, Ni, Zn, and others,
comprise a very important group of magnetic materi-
als. They are a universal material that ensures the
stable and efficient operation of electronic compo-
nents in a wide spectral interval of electromagnetic
radiation, ranging from long-wave to microwave tech-
nology [2].

Nowadays, interest in ferromagnetic materials has
increased due to the possibility of obtaining them in
a nanostructured form and, as a result, the expan-
sion of the scope of their application in technology,
medicine, biology, ecology, and so forth [3-5]. In par-
ticular, one of the most complicated environmental
problems is the pollution of water resources. Among
many harmful compounds formed as a result of an-
thropogenic activity, there are dyes from the tex-
tile, paper, leather, cosmetic, plastic, and food indus-
tries. Dyes used for dyeing textiles, leather, and paper
have an adverse effect on the environment. Their re-
moval from water basins and wastewater treatment
are rather complicated tasks. Therefore, there is a
permanent search for effective materials to purify
water resources from the aforementioned dyes. Mag-
netite (Fe3O,) is a promising candidate for water pu-
rification, since it is non-toxic, has a large surface
area-to-volume ratio, high adsorption capacity, and
high photostability. It can be easily doped with met-
als, including zinc, for biomedical or environmental
applications, in particular, for the removal of phenol,
ketoprofen, methylene blue, methyl orange, Congo
red dye, rhodamine B, and Hg(II) and Th(IV) ions. In
addition, the magnetic properties of iron oxide can
facilitate the removal of nanoparticles with adsorbed
pollutants from aqueous suspensions using an exter-
nal magnetic field [6].

When the size of magnetic particles is reduced to
the nanometer scale, their surface area-to-volume ra-
tio increases substantially, which leads to the emer-
gence of new properties that radically distinguish
nanoparticles from bulk materials. In particular, this
is the manifestation of superparamagnetism, mag-
netic quantum tunneling, and the appearance of
spin-glass-like behavior. Those properties of magnetic
nanoparticles determine their versatile technological
applications, including magnetic data storage, the
creation and application of ferromagnetic liquids,
medical imaging, targeted drug delivery, catalysis,
and others. In particular, in Ref. [7], using zinc fer-
rite, ZnFe;O4, as an example, striking changes in its
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magnetic properties with the reduction of the grain
size to the nanometer scale were demonstrated.

From an ecological viewpoint, a challenging issue
is the purification of enterprises’ wastewater from
phenol. Magnetite nanoparticles demonstrate a cer-
tain adsorption capacity with respect to phenolic
compounds, for example, in FezOy-coated nanofib-
rils [8]. In a photocatalytic process using superpara-
magnetic iron oxide nanoparticles (SPIONs, Fe;Qy),
94.9% phenol removal was achieved under optimized
conditions (pH = 3, an initial phenol concentration
of 80 mg/1, the ratio UV/SPIONs = 3, and a con-
tact time of 60 min) [9]. This result highlights the
potential of magnetite in light-activated pathways of
phenol degradation. Furthermore, Fe3O,4 nanoparti-
cles, when used as a heterogeneous Fenton catalyst,
have demonstrated exceptional efficiency by achiev-
ing 100% phenol removal and a 70% reduction in
the chemical oxygen demand (COD) under optimized
conditions within a wide pH range (2-9) [10]. At the
same time, modified Fe3O4 hydrogel nanoparticles
provided 98% phenol removal and an 80% reduction
of COD after 180 min, with good stability (> 55% of
COD removal efficiency after three cycles) [11].

Ferrite nanoparticles do not have their own per-
manent magnetic field in the absence of an exter-
nal field, so they are prevented from clumping into
aggregates due to magnetic interaction. This is an
important characteristic for biomedical applications,
for example, when transporting drugs through small-
diameter blood vessels, where particle aggregation is
extremely undesirable [12]. In particular, in targeted
drug delivery, their magnetic properties allow the pre-
cise delivery of biologically active substances to spe-
cific locations in the body [13]. In cancer therapy, the
hyperthermia treatment is used, in which iron oxide
nanoparticles generate heat under the action of an
external magnetic field to destroy cancer cells [14].

The aim of this work is to obtain magnetite and
zinc ferrite nanocrystals using the electrolytic method
and to study their physical properties.

2. Experimental Part

Magnetite nanocrystals and nanocrystals of the zinc
ferrite-zinc oxide system were obtained by means of
the electrolytic method in an open glass electrolytic
cell. The electrolyte was a solution of sodium chloride
(NaCl) in distilled water. The concentration of NaCl
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in the electrolyte was 5.8 g/l. A stabilized, regulated
DC source was used to power the electrolyzer. The
synthesis was carried out at a constant electrolyte
temperature, which varied from room temperature
to 100°C in various series of experiments. Iron elec-
trodes were used to synthesize magnetite, and iron
and zinc electrodes were used to obtain nanocrystals
of the “zinc ferrite—zinc oxide” system. The duration
of the nanocrystal synthesis process was 3 h, and the
current density was 26 x 1072 A /em?. To ensure uni-
form consumption of electrode material, the DC di-
rection was reversed every 30 min. After the termina-
tion of electrolysis, the electrolyte was filtered using
a paper filter, and the resulting powder was washed
with a fivefold volume of distilled water. The speci-
mens were dried in air at room temperature. For the
nomenclature of experimental specimens, see Table 1.

The Raman scattering (RS) spectra of the studied
specimens were studied in the backscattering geom-
etry at room temperature. The experimental spectra
were registered on an MDR-23 spectrometer equipped
with a DU-401 CCD camera (Andor, UK). The exci-
tation source for the Raman spectra was laser emis-
sion with a wavelength of 457 nm (Diode Pumped
Solid State Laser, by CNI Laser). X-ray diffraction
studies were carried out on a DRON-4 diffractome-
ter using CuK, radiation at room temperature. The
diffractograms were scanned following the Bragg—
Brentano (6 — 20) scheme. The anode voltage and
the current were 41 kV and 21 mA, respectively. The
diffractogram scanning step was 0.05°, and the expo-
sure time was 5 s.

The mathematical treatment of experimental
diffractograms was carried out by describing every ex-
perimental reflex as a Gaussian function. As a result,
information was obtained about the angular position
20, the half-width (the width at half height) 8, and
the integral intensity I. The obtained results were
used to interpret the experimental diffractograms, de-
termine the crystal lattice parameters, and calcu-
late the sizes of nanocrystals. The Raman spectra
were treated similarly, but using the Cauchy—Lorentz
function.

3. Measurement Results
and Their Discussion

In Fig. 1, experimental diffractograms are shown
for specimens obtained using the electrolytic method
with a sodium chloride solution as the electrolyte at
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Fig. 1. X-ray diffraction patterns of specimens synthesized
using the electrolytic method: (a) specimen R1, zinc ferrite,
t =20 °C, Fe electrodes; (b) specimen R2, zinc ferrite, ¢ =
= 93 °C, Fe electrodes; (c¢) specimen R3, “zinc ferrite-zinc
oxide” system, t = 93 °C, Fe + Zn electrodes; (d) specimen R4,
7zinc ferrite—zinc oxide” system, t = 93 °C, Fe + Zn electrodes,
the area of zinc electrode is larger than for specimen R3. The
following reflections are shown: (a,b,c) zinc ferrite, (d) zinc
oxide

Table 1. Conditions for the synthesis of specimens

Speci- Electrodes | t, °C Note

men
R1 Fe 20 Specimen R4 was synthesized
R2 Fe 93 similarly to specimen R3, but

R3 Fe+Zn 93
R4 Fe+7Zn 93
R5 Zn 98

at a larger surface area ratio
between the Zn and Fe
electrodes

various synthesis temperatures and various electrode
combinations. It was suggested that during the elec-
trolytic synthesis, the specimens can contain iron ox-
ides and hydroxides if iron electrodes are used, and
zinc oxide and zinc ferrite if iron and zinc electrodes
are used simultaneously. To verify this hypothesis,
the angular positions of the reflections belonging to
iron, its oxides and hydroxides, and zinc ferrite were
calculated using the known interplanar distances and
the Wolf-Bragg formula [15]

2dsin @ = kA,

where d is the interplanar distance, 6 is the diffraction
angle, k is the order of the diffraction maximum, and
A is the wavelength of the X-ray radiation.
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The analysis of the calculation results showed that
in the diffractograms of specimens R1 and R2 ob-
tained using iron electrodes (Fig. 1, curves a and b,
respectively), only reflections characteristic of mag-
netite were present. The calculation and experimental
results are compared in Table 2. When calculating the
angular positions of reflections, the known interpla-
nar distances in magnetite [15,16] were used. Table 2
does not include experimental results for magnetite
reflections (111), (531), (620), (533), (622), and (444)
because of their low intensity; therefore, they were
not used in further calculations.

Table 2. Comparison of calculation
and experimental results for magnetite

Calculation Experiment
hkl d, nm 26 I, % 26 I, %
111 0.484 18.3 8 — -
220 0.2967 30.1 30 30.3 33
311 0.2532 35.5 100 35.5 100
222 0.2424 37.1 8 - -
400 0.2099 43.1 20 43.1 20
422 0.1715 53.4 10 53.6 8
511 0.1616 57.0 30 57.1 25
440 0.1485 62.5 40 62.5 43
531 0.1419 65.8 2 - -
620 0.1328 71.0 4 - -
533 0.1281 74 10 - —
622 0.1266 75.0 4 - -
444 0.1212 79.0 2 - —

Table 3. Comparison of calculation
and experimental results for zinc ferrite

Calculation Experiment
hkl d, nm 20 I, % 260 I,%
111 0.484 18.3 20 - -
220 0.298 30.0 50 30.0 43
311 0.253 35.5 100 35.3 100
222 0.243 37.0 10 - -
400 0.21 43.1 40 42.9 18
422 0.172 53.3 40 53.3 34
511 0.162 56.8 40 56.7 59
440 0.149 62.3 80 62.5 36
531 0.133 70.9 20 - -
620 0.128 74.1 40 - -
533 0.127 74.8 10 - -
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The diffraction patterns of specimens R3 and R4
obtained when the iron and zinc electrodes were used
simultaneously (Fig. 1, curves ¢ and d, respectively)
contain reflections with angular positions 20 that are
close to the angular positions of magnetite reflections,
and reflections with new angular 26-positions (Fig. 1,
curve d): 26 = 31.7°, 34.4°, 36.2°, 47.5°, 62.8°, 66.3°,
67.9°, and 69.0°. As shown in Refs. [17-19], these an-
gular positions correspond to zinc oxide reflections
with Miller indices (100), (002), (101), (102), (103),
(200), (112), and (201), respectively. We did not use
the zinc oxide reflection (110), for which 20 = 56.8°,
since its angular position practically coincides with
the angular position of the (422) reflection of zinc fer-
rite. As a result, in the diffractograms of specimens
R3 and R4 (Fig. 1, curves ¢ and d, respectively), those
two reflections overlap, and their integrated intensity
considerably increases.

Analysis of the diffractogram of specimen R4
(Fig. 1, curve d) shows that the integrated inten-
sity of zinc oxide reflections is substantially higher
than that for specimen R3 (Fig. 1, curve ¢). Those
two specimens were obtained using iron and zinc elec-
trodes simultaneously. However, during the synthesis
of specimen R4, the surface area of the zinc electrodes
was larger than that during the synthesis of spec-
imen R3. In our electrolytic synthesis method, the
electrodes are the source of metal cations. Hence, the
concentration of the latter is proportional to the elec-
trode area. Therefore, in the case of a larger surface
area of electrodes, a larger number of Zn*? cations
arises, from which zinc ferrite and zinc oxide are
formed. In both cases, the area of the iron electrodes
was the same, and therefore, it was the excess of zinc
ions that formed zinc oxide.

The experimental angular positions of the reflec-
tions in the diffractogram of specimen R3 (Fig. 1,
curve ¢) were compared with the calculated angular
positions of zinc ferrite reflections. The results of this
comparison are given in Table 3. A comparison of the
results presented in Tables 2 and 3 shows that the
angular positions of the magnetite and zinc ferrite
reflections are close.

One of the tasks solved by X-ray structural analysis
is the determination of crystal lattice parameters. For
this purpose, the Wolf-Bragg formula, the quadratic
forms of the syngonies, and the angular positions of
the reflections in the X-ray diffraction patterns are
used. The accuracy of this method is low, as a re-
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sult of systematic and random errors. At the same
time, some problems, such as the study of the na-
ture of chemical bonding in solids and the determi-
nation of the characteristics of solid solutions, resid-
ual mechanical stresses, density, and the coefficient
of thermal expansion, require exact values of the lat-
tice parameters [20]. For the precise determination of
the parameters, extrapolation or analytical methods
are applied. Since systematic errors tend to zero at
0 = 90°, the function cos 260 is used as the extrapo-
lating function, although it is nonlinear over a wide
angular interval.

Both zinc ferrite and magnetite crystallize in a cu-
bic system, space group No. 227 Fd3m (OZL according
to Schonflies notation). Therefore, by using the Wolf—
Bragg formula and the quadratic form for the cubic
system, we can calculate the value of the unit cell
parameter d,

i_ ho + ko + 1o
dg_ as ’

where a is the crystal lattice parameter, and h, k, and
[ are the Miller indices. As an extrapolation function,
we used the function proposed by Riley, Nelson, Tay-
lor, and Sinclair, which is considered the best extrap-
olation function [21],

cos20  cos20
f(9)—0.5(sin9 + 7 )

Figure 2 illustrates the application of the extrap-
olation method to the determination of the crystal
lattice parameter for a zinc ferrite specimen synthe-
sized at a temperature of 93 °C. In this way, the
values of the crystal lattice parameter were obtained
for all studied specimens. As a result of the calcula-
tions, the following a-parameter values were deter-
mined for magnetite specimens obtained at differ-
ent temperatures: a = 0.8391 nm at 93 °C, and
a = 0.8384 nm at 20 °C. These results are close to the
values of the magnetite lattice constant obtained by
other authors [16, 22, 23]. For specimens synthesized
using iron and zinc electrodes, the following values of
the lattice constant were obtained: a = 0.8454 nm
for specimen R3 and a = 0.8465 nm for specimen R4
(the diffraction patterns obtained for specimens R3
and R4 are shown in Fig. 1, curves ¢ and d, respec-
tively). These values correspond to the crystal lattice
parameter of iron ferrite obtained by the authors of
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Fig. 2. Graphical extrapolation for determining the crystal
lattice parameter of zinc ferrite nanocrystals synthesized at
a temperature of 93 °C. The corresponding diffractogram is
shown in Fig. 1 (curve ¢, iron and zinc electrodes)

Refs. [7,24,25]. Thus, if iron electrodes are used, syn-
thetic magnetite is obtained, whereas if iron and zinc
electrodes are used simultaneously, zinc ferrite and
zinc oxide are obtained.

The results obtained while processing experimen-
tal diffractograms were used to calculate the sizes of
nanocrystals using the Debye—Scherrer formula [18§]

0.89A
D=—
Bcos’

where \ is the wavelength of X-ray radiation, [ is
the reflection half-width, and @ is the diffraction an-
gle. The physical value of the half-width g was calcu-
lated using the formula
B=/B% - 53,
where 3 is the experimental value of the X-ray reflec-
tion half-width, and B is the corresponding instru-
mental value. The latter was determined by analyzing
the X-ray diffraction patterns of standard silicon and
Al;,O3 powders obtained under the same conditions.

To determine the sizes of nanocrystals using the
Debye—Scherrer method, six intense magnetite reflec-
tions were used: (220), (311), (400), (422), (511),
and (440). The arithmetic mean nanoparticle size was
24.5 nm for specimen R1 synthesized at a tempera-
ture of 20 °C, and 34.0 nm for specimen R2 obtained
at a temperature of 93 °C.

Similar results were obtained in Refs. [26,27]. The
authors of Ref.[27] obtained magnetite nanoparticles
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Fig. 3. Application of the Williamson-Hall method to

ZnFeaO4 nanocrystals.
shown in Fig. 1 (curve c)

The corresponding diffractogram is

by simultaneously precipitating iron salts according
to the reaction

Fe™ 4 2Fe ™3 4+ 8NH,OH = Fe304 + 4H,0 + 8NH] .

The obtained specimens were studied by X-ray diff-
raction (XRD) and infrared (IR) spectroscopy. The
nanoparticle sizes were determined using the Debye—
Scherrer formula by analyzing the X-ray reflec-
tion with the maximum intensity. The obtained val-
ues were 10-12 nm. The diffractograms also regis-
tered FeoOg reflections with insignificant intensity. In
Refs. [26, 27|, solutions of FeCls, FeCly, and NH,OH
hydroxide in distilled water were used to synthesize
Fe304. The synthesis was performed at a tempera-
ture of 85 °C and at pH = 11.0. The XRD and trans-
mission microscopy (TEM) methods showed that the
nanoparticle size was 10 nm.

To determine the size of iron ferrite nanocrys-
tals, reflections (220), (311), (400), (511), and (440)
were used. The arithmetic mean size value obtained
for those reflections was 18.4 nm for specimen R3
and 15.1 nm for specimen R4; the corresponding
diffractograms are shown in Figs. 1, ¢ and 1, d, re-
spectively. The arithmetic mean sizes of zinc oxide
nanocrystals in those specimens were 8.9 and 38.8 nm,
respectively.

The application of the Debye—Scherrer formula is
based on the dependence of the X-ray reflection half-
width on the particle size: as the particle size de-
creases, the half-width increases. It is also known
that the half-width is affected by mechanical stresses
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that arise due to the presence of defects in the crys-
tal lattice. For nanoparticles, such defects can man-
ifest themselves because of a substantial fraction of
atoms located on their surface, with the contribution
of surface atoms increasing as the particle size de-
creases. Therefore, to determine the size and mechan-
ical stresses acting in Fe3O4 nanocrystals, we used the
Williamson—Hall method [28]. In this method, the re-
flection half-width is determined as the sum of two
factors, dimensional and deformational,

0.89A
ﬂ —

= 4e tan
Dcos@+ srand,

where X is the X-ray radiation wavelength, and ¢ is
the relative elongation. In this formula, the first term
corresponds to the contribution of the dimensional ef-
fect, and the second term to the contribution of me-
chanical stresses. Assuming that mechanical stresses
are isotropic, this formula can be written in the form

Bcosf = @ + 4esin 6.

D
By plotting this relation in the coordinate system
4sin 6 vs (B cos 6, a straight line is obtained from which
the nanocrystal size D and the relative elongation ¢
can be determined (see Fig. 3).

In this way, the following values of the nanocrys-
tal size D were obtained for zinc ferrite specimens R3
and R4, the diffraction patterns of which are shown
in Fig. 1 (curves ¢ and d, respectively): D = 8.9 nm,
e = —0.0052 and D = 19.2 nm, € = 5.3 x 107°, re-
spectively. The minus sign of the relative elongation
value indicates the compressive strain, and the plus
sign indicates the tensile strain. From the obtained
results, it is clear that an increase in the relative con-
centration of zinc cations in the electrolyte leads to
the growth of ZnFe;O4 nanocrystals and changes in
the type of their deformation.

According to Hooke’s law, the mechanical stress
under elastic deformation equals

o = Ee,

where E is Young’s modulus. Having determined the
relative elongation from Hooke’s law, we obtain the
following relation

0.89\  4osinf
9 = —
[ cos +
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By plotting this relation in the coordinate system
% vs [ cos 8, a straight line is obtained from which
the nanocrystal size D and the mechanical stress
o can be determined. For single-crystalline bodies,
Young’s modulus depends on the direction in the sin-
gle crystal, i.e., on the values of the Miller indices
(hkl) and the crystal system type. For ZnO, which
belongs to the hexagonal system, this dependence is
described by the formula [29]

Eil = [(hg + kg — hk)2a4511 + 1404533 +
+ (hg + ko — hk)2a%P (544 + 2513)]/
J{[(R* + k? — hk)a® + 12c%)?},

where s11, S13, S33, and s44 are the elastic compli-
ance coefficients, and a and ¢ are the parameters of
the ZnO unit cell. Using the known values of the elas-
tic compliance coefficients, the unit cell parameters
[30] of zinc oxide, and the Miller indices of the re-
flections observed in the experimental diffractograms,
we calculated Young’s modulus for the corresponding
reflections.

Figure 4 demonstrates an example of how the
Williamson—Hall method is applied to determine the
unit cell parameters for zinc oxide nanocrystals in
specimens synthesized at a temperature of 93 °C. It
can be seen that the experimental points deviate
from a straight line. To obtain reliable values of
the quantity % and the mechanical stress o, the
least squares method was used. As a result, for the
ZnFe;04 and ZnO specimens (their diffraction pat-
terns are shown in Fig. 1, curves ¢ and d, respec-
tively), the following values of the nanocrystal size D
and the mechanical stress ¢ were obtained: D =
=89 nm, 0 = —7.1 x 108 Pa and D = 38.5 nm,
0 = 7.8 x 107 Pa, respectively. It can be seen that,
similarly to iron ferrite, as the synthesis temperature
increases, the size D grows and the deformation type
of ZnO nanocrystals changes.

The Raman scattering (RS) spectra of the exam-
ined specimens are shown in Fig. 5. From curves a
and b, it can be seen that the spectra of magnetite
synthesized at temperatures of 93 and 20 °C (R1 and
R2, respectively) are practically identical. They con-
tain scattering bands at frequency positions of 358,
671, 1133 (a shoulder), and 1344 cm~!; the corre-
sponding values of their half-widths are practically
identical. The authors of Refs. [31-33] studied natural
single-crystalline magnetite or powder prepared from
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Fig. 4. Application of the Williamson-Hall method to ZnO
nanocrystals. The corresponding diffractogram is shown in
Fig. 1 (curve d)
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Fig. 5. Raman spectra of examined specimens: (a) specimen
R1, zinc ferrite, t = 20 °C, Fe electrodes; (b) specimen R2,
zinc ferrite, t = 93 °C, Fe electrodes; (¢) specimen R3, “zinc
ferrite—zinc oxide” system, t 93 °C, Fe + Zn electrodes;
(d) specimen R4, "zinc ferrite-—zinc oxide” system, t = 93 °C,
Fe + Zn electrodes; (e) specimen R5, zinc oxide, t = 99 °C, Zn
electrode. The modes are shown (a, b, ¢) for zinc ferrite, (e) for
zinc oxide

natural magnetite. They used laser radiation with a
wavelength of 514.5 nm to study the Raman spec-
tra. The following modes were registered: Th, (at 193,
450-490, and 538 cm 1), E; (at 306 cm™!), and Ay,
(at 668 cm™!). The broad band at 1330 cm™! was
identified as the second-order scattering spectrum.
An X-ray structural analysis showed that speci-
mens R3 and R4, the Raman spectra of which are
shown in Fig. 5 (curves ¢ and d, respectively), con-
sisted of iron ferrite and zinc oxide. Therefore, a
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control specimen R5 was synthesized using the elec-
trolytic method; it consisted only of ZnO nanocrys-
tals. Curve e in Fig. 5 shows the Raman spec-
trum of zinc oxide nanocrystals obtained by the
electrolytic method at an electrolyte temperature
of 98 °C. The size of nanocrystals determined by
the Debye—Scherrer method was 30.3 nm, and that
determined by the Williamson—Hall method was
94.0 nm. The spectrum contains intense scattering
bands at frequency positions of 344, 435, 574, 1134,
and 1355 cm~!. Comparing these results with the lit-
erature data [34-37], we may conclude that the first
three bands belong to the active phonons at the cen-
ter of the Brillouin zone: Eéhigh) — Eélow), A1(TO),
and Eghigh), respectively. The broad scattering band
at the frequency position ¥ = 1134 cm~! is most
likely a combination of 2LO, 24;(LO), and 2E;(LO)
phonons at highly symmetrical points of the Bril-
louin zone. The broad band at the frequency position
v = 1355 cm~! arises due to the presence of uncon-
trolled impurities and defects. Our data concerning
the frequency positions differ from the correspond-
ing values given in the literature [34-37], which may
be associated with differences in the studied objects
and the wavelengths of the light sources used for the
excitation of Raman spectra. For example, the au-
thors of Ref. [34] studied single-crystalline zinc oxide
and obtained Raman spectra excited at a wavelength
of 514.5 nm. In Ref. [35], the spectra were excited
at a wavelength of 532 nm, and the studied object
was nanocrystalline zinc oxide with crystallite sizes
of 12-14 nm.

The Raman spectra of specimens R3 and R4 are
shown in Fig. 5 (curves ¢ and d, respectively); ac-
tually, they are superpositions of the ZnFe;O,4 and
ZnO spectra. A comparison of the Raman spectra of
specimens R3-R5 (Fig. 5, curves ¢, d, and e, respec-
tively) confirms the conclusion drawn from the anal-
ysis of diffractograms that the specimens contained
different zinc oxide contents. The scattering bands in
the ZnFe;O4 and ZnO spectra occurred at close fre-
quency positions (Fig. 5, curve d); therefore, they
were resolved into components using the Cauchy—
Lorentz function. As a result, the following frequen-
cies of scattering bands were obtained: 343, 434, 507,
572, and 655 cm~!, with the scattering bands at
frequency positions of 434 and 572 cm~! belonging
to zinc oxide. A comparison with the literature data
[24, 38] made it possible to conclude that the scatter-
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ing bands at 343, 507, and 655 cm~! belong to the
Eg, sy, and Aj, modes, respectively.

4. Conclusions

1) The electrolytic method makes it possible to obtain
magnetite nanocrystals using iron electrodes and a
sodium chloride solution as the electrolyte.

2) Magnetite nanocrystals synthesized at room
temperature had smaller sizes than those synthesized
at a temperature of 98 °C, and they were character-
ized by lower compressive mechanical stresses.

3) The simultaneous application of iron and zinc
electrodes led to the synthesis of nanocrystals of the
“zinc ferrite—zinc oxide” system.

4) The angular positions of reflections for mag-
netite and zinc ferrite are close; therefore, for an
unambiguous identification of these compounds, it is
preferable to determine the crystal lattice parameter.
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OTPUMAHHS I ®ISUYHI
BJIACTUBOCTI MATHETUTY TA ®EPUTY HNHKY

JlociizKeHo MOXKJIMBICTh OTPUMAaHHS HAHOKPHUCTAJIIB MArHEeTU-
Ty Ta depuTy UMHKY ejleKTpoJiTudHuM MeTomoMm. CuHTe3 Ha-
HOYACTHHOK BinOyBaBcs B esleKTpoJidepi 3 3asizHumu abo 3a-
JI3HUMH 1 IIUHKOBHMH €JIEKTPOIAMH, 3aIIOBHEHOMY PO3YHHOM
NaCl y Bomi. IlpoBemeHi peHTreHOCTPYKTYPHI JOCIIiIZKEHHS
BHKODHUCTAHO JJjIsI BU3HAYUEHHSI €JIEMEHTHOI'O CKJIaJy OTPHUMa-
HHUX 3pa3KiB, PO3MipiB HAHOKPHUCTAJIIB i mapamMeTpiB KpucTaJi-
9HOI rpaTKu. PO3Mipy HAaHOKPUCTAJIIB BUBHAYAJIUCH 33 JIOIIOMO-
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roo dopmysu lebas—Illeppepa, merony Binmbsmcona—Xosia
it posmipHo-gedopmarniiinoro merony. IlokaszaHo, mo npu Bu-
KOPHUCTaHHI 3aJIi3HUX €JIEKTPOJiB OTPUMYIOTbCA HAHOKPHUCTa-
JIM MarfHeTuTy, a y BUIAJKY 3aJIi3HUX 1 I[MHKOBHX €JIEKTPO-
IiB OTPUMYEThCS cuUcTeMa “‘pepuT NUHKY—OKCcHA nuHKy . IIpo-
aHaJII30BaHO CIIEKTPU KOMOIHAIIIIHOIO PO3CisAiHHS CBiTJIa J1OCIIi-
JPKyBaHUX 3Pa3KiB.

depur umMHKY,
CTPYKTYPHI JIOCJI?KEHHsI, PO3MIpH HAHOYACTUHOK, (hopmysa
Hebasi—11leppepa, meron Binbsmcona—Xosua, mapaMerp Kpu-
cTajivHol I'paTKu, KOMOiHAIiHE PO3CidgHHs CBiTJIA.

Katowoei caoea: MarHerwur, pPEHTreHO-
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