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Composite ferrites MeFe,O, (Me = Ni, Mn, Zn) were synthesized by a modified copre-
cipitation method. To characterize the obtained samples, the methods of X-ray diffraction
analysis and vibration magnetometry were used. The dependences of the parameters of the
EPR spectra, diffuse reflection spectra, and UV spectra on the composition were also
interpreted. It was found that the obtained ferrite nanoparticles have a spinel structure.
The lattice parameter decreases with increasing nickel content. The minimum values
correspond to the double compositions of Mn—Ni ferrites. The synthesized nanoferrites have
a band gap of 1.55 to 2.2 eV. Magnetic properties such as saturation magnetization and
coercive force vary greatly depending on the concentration of Mn cations. The photocata-
lytic activity of the compounds was studied in the decomposition reaction of methylene
blue, which was used as a model organic pollutant. It was found that the photocatalytic
activity of ZnFe,O, and MnFe,O, significantly increases with an increase in the content of
nickel cations.

Keywords: spinel, diffuse reflection spectra, photocatalytic activity, EPR spectra.

MarniTni, erpykrypni i dorokaramiTuuni Baacrusocri mminensanx ¢epurie MeFe,0,
(Me = Ni, Mn, Zn), orpumanunx mogudikoBanum metomom cuiBocamkenua. JI.A.Dponosa,
O.B.Xmenenro

CunresoBano kommnosumniiiai ¢epuru MeFe,O, (Me = Ni, Mn, Zn) mogudiroBanum mero-
IOM cIliBocajsKeHHA. [l XapaKTePUCTUKU OTPUMAHUX 3PasKiB BUKOPUCTAaHO pPeHTreHo(as0-
BUII aHasis, BiOpaliiiny MmarmiTomerpito. IHTepmperoBaHO 3ajekHOcTi mapamerpi EIIP
CHEeKTpPiB, ceKTpiB pudysHoro BimbuTTsa, YP cuekTpiB Bix ckJaany. BecranossieHo, mo otpu-
MaHi HaHOYACTWHKU (PepuTiB MalOTh HIMiHEJbHY CTPYKTYpPYy. IlapameTp peuriTKM 3MeHIIYETLCS
31 sbinpmIeHHsaM BMmicTy Hikemaro. Mimimanpui sHaueHHA Biamosizarors moasifinuMm ckaamzam Mn—
Ni ¢gepuris. Cunresosani HaHodepuTn MaOTL eHeprio 3abopoHeHoi 3oum Mixk 1,565 i 2,2 eB.
MaruiTai BmacTuBOCTi, TaKi SAK HAMar"HiyeHiCTh HACHMUYEHHS Ta KOEPIUTHBHA CHJIA, 3HAYHO
3MIiHIOIOTBCSA B 3aJIeXKHOCTI Bifi KoHIeHTparii Katiomis Mn. @oToxkaTaJiTMUHy AKTHBHICTHL CIIO-
JIYK BUBYAJU B PeaKIlil PO3KJaJaHHA METUJIEHOBOTO CUHLOTO, AKWII BUKOPUCTOBYBAJU SK MO-
JeJLHUI OpraHiuHmil 3a0pyaHIoBadY. BecTaHOBIIEHO, IO 31 361MBIIEHHAM BMIiCTy KaTiOHIB HiKeJro
3HAUHO 36inbIIyeThCA (hoTOoKaTamiTHuHa akTuBHiCTE ZnFe,O, Ta MnFe,0,.

MoandunrupoBaHHEIM METOJOM COOCAKIEHNS CHHTE3HMPOBAHBI KOMIIO3UIMOHHLBIE (hePPUTHI
MeFe,O, (Me = Ni, Mn, Zn). [Ina XapaKTePHCTHKM IIOJYyYEHHHIX OODPABIOB MCIOTH30BAHBI
peHTreHodas3oBbIll aHaMu3, BUOPAIIMOHHAS MArHHUTOMETPHUSA. VHTEPIPEeTHPOBAHLI 3aBUCHUMOC-
T napamerpoB IIIP crekTpos, crekTpoB audg@ys3HOro orpaKenus, Y@ CIeKTPOB OT cCOCTaBa.
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YcTaHOBIIEHO, UTO TTOJIYyUEHHBIE HAHOYACTUIIHI (DEPPUTOB MMEIOT IINNHEIbHYIO CTPYKTYpPY. Ilapa-
MEeTpD PEeIIeTKW YMEeHBIIIAeTCA C YBeJIUUYeHUWEeM CcOJep:KaHud HUKejadA. MuHUMalbHble 3HAUEHUS
CcOOTBEeTCTBYIOT ABOMHBEIM coctaBaMm Mn—Ni ¢eppuros. CuHTesnpoBaHHBIE HAHOMEPUTHI HUMEIOT
9HEPruio 3aIpeleHHol 30HbI Mexay 1,55 u 2,2 sB. MarauTHble cBoiicTBa, TaKWe KaK HAMAaTrHU-

YEHHOCTb HAaCBIIIIEeHNUsd W KOIPIIUTHUBHAaSA CHJIA,

3HAUUTEJIbHO HN3MEHAIOTCA B 3aBHCHMOCTHU OT

KOHIIeHTpanuu KaruoHoB Mn. PoToKaTaiuTUYeCKyl0 aKTUBHOCTD COENVHEHUI M3ydaiu B Peak-
LYY PABJIOKEHNUsA METHJIEHOBOI'O CHHEr0, KOTOPBIH HMCIIOJNb30BAIM KAK MOJEJIbHBIA OpraHumdec-
KU 3arpASHUTENb. ¥YCTAHOBJIEHO, UYTO C YBEJIMUYEHUEM CO[EPIKAHMSA KATUOHOB HUKEJA 3HAYN-
TeJBHO yBeluuuBaeTcs (oToKaTamuTHYecKas akTusHOCTHE ZnFe,0, u MnFe,O,.

1. Introduction

In recent decades, nanodispersed spinel
ferrites with the general formula MeFe,O,
(where Me is a divalent transition metal
ion) have attracted the attention of re-
searchers through their various fields of ap-
plication [1-3].

Numerous studies of structural, optical,
electrical and magnetic properties of spinel
ferrites have been performed [4-6]. It is
obvious that the properties of MeFe,O, fer-
rites (where Me = Mn, Co, Ni, Zn) are sig-
nificantly influenced by both the chosen
synthesis technology and its parameters [7—
9]. Technologies for obtaining dispersed
spinel ferrites such as hydrothermal
method, sonochemical method, sol-gel
method, coprecipitation method have been
developed [10—-17]. Among them, the copre-
cipitation method is particularly promising
due to the short duration of the process,
low energy consumption, high purity of the
final product, high phase homogeneity of
the product and relatively low reaction tem-
perature. The essence of the method is the
coprecipitation of iron (III) and Me (II) hy-
droxides by adding alkalis to solutions of
the corresponding salts. Thus, the composi-
tion of nanoferrites synthesized by the
chemical method of coprecipitation depends
on the type of salt used, the ratio of cat-
ions, and the initial pH [18-20].

In the spinel structure, the Me2* and
Fe3* cations occupy tetrahedral and octahe-
dral positions, respectively. There are three
main types of spinel structures: normal, in-
verted and mixed, depending on the filling
of tetrahedral and octahedral sites of the
sublattice with divalent and trivalent cat-
ions [21]. In normal spinel, divalent and
trivalent cations occupy the tetrahedral and
octahedral positions, respectively. In mixed
spinel, the tetrahedral and octahedral posi-
tions are randomly filled with divalent and
trivalent cations. In the inverse spinel, tet-
rahedral sites are completely occupied by
trivalent cations and octahedral sites are
evenly occupied by divalent and trivalent
cations. The very arrangement of cations on
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the sublattices determines the magnetic
properties of the final product.

Spinel structures containing several cat-
ions have been insufficiently studied. It is
the synthesis of composite ferrites that
leads to the improvement of their physical
properties. For example, nickel ferrite is a
well-known material with moderate coerciv-
ity and high saturation magnetization. Man-
ganese ferrite has low coercivity, moderate
saturation magnetization in combination
with good chemical resistance, high me-
chanical hardness [11]. These properties,
along with their great physical and chemical
resistance, determine their widespread use.
The distribution of Ni2*, Mn2* and Zn2* cat-
ions at tetrahedral and octahedral sites has
a significant effect on magnetic and optical
parameters [22].

The aim of this work is to obtain ferrites
with compositions in the system MeFe,O,
(Me = Ni, Mn, Zn) by the action of contact
nonequilibrium low-temperature plasma; to
determine optimal compositions of ferrites
using the simplex method. The magnetic
and photocatalytic properties were chosen
as a criterion of optimality of the obtained
samples in the decomposition reaction of
methylene blue.

2. Experimental

The preparation of co-precipitated com-
pounds was carried out by pouring with
continuous stirring the corresponding mix-
ture of sulphate solutions with the required
ratio of cations, as in ferrite. Iron (II) sul-
phate, nickel sulphate, manganese sulphate,
zine sulphate, sodium hydroxide of analyti-
cal purity were used. Subsequent processing
was carried out by CNP for 30 min.

The processing was carried out in a cy-
lindrical reactor with an inner diameter of
45 mm and a height of 85 mm. Cooling of
the reaction mixture was provided by con-
tinuous circulation of cold water in the
outer jacket. The electrodes were made of
stainless steel, one of which (4 mm in di-
ameter) was located in the lower part of the
reactor, and the other (2.4 mm in diameter)

Functional materials, 28, 3, 2021
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Table 1. Simplex lattice planning matrix {3, 3}

No. Formula Ni Mn Zn y
1 NiFe,0, 1.00 0 0 Yy
2 Nij g7Mng 33F€,0,4 0.667 0.33 0 Y199
3 Nig 33Mng 57F€,0,4 0.333 0.667 0 Y119
4 MnFe,O, 0 1.00 0 Ys
5 Mng 57ZNq 33F€;,0, 0 0.667 0.33 Yaoa
6 Mng 33ZNng 7F€,0, 0 0.333 0.667 Ysas
7 ZnFe,0, 0 0 1.00 Us
8 Nig 33ZNg a7F€,0, 0.33 0 0.667 Y1as
9 Nig 572N 33F€,04 0.667 0 0.333 Yi1s

10 | Nig33Zng 35MNng 25Fe,0, 0.333 0.333 0.333 Yios

was placed above the solution surface at a
distance of 10 mm. To obtain a plasma dis-
charge, a voltage of 500 was applied to the
electrodes. A vacuum pump was used to re-
duce the pressure in the reactor. The
plasma method in more detail is described
in [23-25].

X-ray diffraction patterns of the samples
were obtained on a DRON-2.0 instrument
with monochromatic CoKo radiation. The
size of the crystallites was determined using
the Scherer formula.

Magnetic characteristics were determined
using a vibrating magnetometer. Electronic
paramagnetic resonance (EPR) spectra were
obtained using a Radiopan SE/X-2543 radio
spectrometer. Intensity and width of the
signal, and resonant frequency were used to
characterize the EPR signals.

UV-VS spectroscopy was used to analyze
the optical properties of powdered ferrites.
The results were used to calculate the en-
ergy of the band gap. The band gap energy
was determined from the diffuse reflection
spectra of the samples using the Kubelka-
Munch function.

Catalytic decomposition experiments
were performed in a glass vessel at 25°C
with continuous shaking. As a radiation
source, an UV lamp DKB 9 was used with
an effective spectral range of 180275 nm.
The intensity of ultraviolet radiation was
about 8 mW/cm2. The lamp was placed
above the solution at a distance of 10 cm
from its surface. Before adding the cata-
lyst, the maximum absorption of the model
solution was measured using a spectro-
photometer in the range of 200-900 nm.
Changes in the initial optical density were
monitored by taking an aliquot of the solu-
tion at regular intervals and subjecting it to
spectroscopic analysis. The concentration of
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methylene blue (MB) was determined spec-
trophotometrically using a UV 5800 PC
spectrometer.

The degree of decomposition was calcu-
lated from the decrease in the concentration
of MB in aqueous solution by the formula:

. B (Co—Cyp) - 100% 1)
% X = Cy s

where C; is the initial concentration of MB
in solution, mol/l; C, is the concentration of
MB in solution at time ¢, mol/l.

To study the influence of the cationic
composition on the properties of ferrites, a
simplex lattice plan was used, which re-
quires a minimum number of experiments
to study the influence of factors on the se-
lected response functions. The molar con-
centrations of nickel, manganese and zinc,
respectively, were chosen as factors x;, xo,
x3. The plan of the experiment is shown in
Table 1.

The calculation of the coefficients in the
regression equation and verification of its
adequacy was performed using the program
STATISTICA 12. Diagrams of “properties-
composition” were plotted using isolines. The
response functions were coercive force (H,),
Oe; saturation magnetization (Ms), Emu/g; a
is the lattice parameter, A; X yp is the degree
of decomposition of methylene blue, %; E is
the energy of the band gap, eV.

3. Resultls and discussion

3.1 Characteristics of ferrite samples

Fig. 1 shows X-ray diffraction patterns
of nickel ferrite, manganese ferrite and zinc
ferrite. The patterns have indexed peaks
(111), (220), (311), (222), (400), (422),
(511) and (440). The indexed peaks corre-
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Fig. 1. XRD pattern of ferrites: a) — samples
1, 2, 3, 4, 5, b) — samples 6, 7, 8, 9, 10.

spond to a typical spinel phase, which is in
good agreement with the JCPDS charts 22-
1086, 10-0325, 88-1965. The diffraction
patterns show a decrease in intensity and
expansion of the peaks with increasing man-
ganese concentration in both the Ni-Mn and
Zn—Mn ferrite systems (samples 1-4, 4-7).
Weak diffuse scattering at small angles
indicates the presence of a small amount of
substance in the amorphous state along with
crystalline phases in the investigated mate-
rials. The X-ray diffraction pattern also
shows broad peaks indicating the nanodis-
persed nature and small size of crystallites
in the samples. In addition, weak peaks on

Table 2. The results of the experiment

0.0041,00

1,00 — 0,00
0,00 0,25 0,50 0,75

Ni Mn
Fig. 2. Dependences of the lattice parameter
on the composition of ferrites.

the diffraction patterns of sample 7 indicate
the presence of a small amount of hematite
o—Fe,05 in the sample under study.

Diffraction patterns of nickel, manga-
nese and zinc ferrites can be interpreted as
a result of superposition of reflections from
powder particles with an average particle
size of 200-400 A.

The lattice parameter decreases as the
nickel concentration increases. The mini-
mum values correspond to the double com-
positions of Mn—Ni. A more pronounced in-
crease in the lattice parameter is observed
for samples 1-4, a small increase for 4-7
and a decrease for 8-10. This indicates the
replacement of the smaller Ni2* ion (0.69 A)
by the larger Mn2* ion (0.80 A) and, accord-
ingly, Mn2* (0.80 A) by Zn2* (0.74 A) (Fig.
2, Table 2). The most important are the
magnetic characteristics of the material,
which are determined by recording the mag-
netization curves at room temperature.
Various parameters, such as saturation
magnetization (M) and coercive force (H,),
are derived from the magnetization curves

N Ni Mn Zn H_, Oe Emu/g Hy mT Iy abs.unit
1 1 0 0 2 26.05 364 2429 | 8.3209 | 96.44 1.92
2 0.667 0.333 0 8 7.35 340 2282 | 8.3408 | 76.13 1.7
3 0.333 0.667 0 38 41.69 358 2327 | 8.3583 | 95.04 1.8
4 0 1 0 41 111 352 2322 8.3592 | 44.58 1.55
5 0 0.667 0.333 8 47.7 307 2851 8,343 81.75 1.71
6 0 0.333 0.667 8 3.75 343 2439 8.366 88 9
7 0 1 19 3.93 342 3008 | 8.3689 | 24.43 2.2

8 0.333 0 0.667 7.7 345 3692 | 8.4231 | 95.31 1.88
9 0.667 0 0.333 19 359 3824 | 8.3795 | 74.47 1.82
10 0.3333 | 0.3333 | 0.3333 44 37.8 407 2103 |8.36025| 81.81 1.7
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Fig. 3. Dependences of coercive force (a) and saturation magnetization (b) on the composition of

samples (Table 1).

shown in Table 2. Figure 3 shows that the
coercive force for all samples is small. In
addition, the saturation magnetization of
MnFe,0, is much higher than in other sam-
ples (M, is 111.8 Emu/g for MnFe,0,).
Diffuse reflection spectra were obtained
to evaluate the optical properties of fer-
rites. All 10 samples showed an intense ab-
sorption band in the UV region of the elec-
tromagnetic spectrum. The band gap in the
samples was determined by the equation

oahv =A(hv - E*, n=2, 2)

where o is the absorption coefficient, v is
the frequency of light, E is the energy of
the band gap, eV, and A is the proportional-
ity constant.

The band gaps calculated for NiFe,Oy,
MnFe,0,4, ZnFe,O, were 1.92 eV, 1.59 eV,
2.2 eV, respectively, and were slightly
lower than those reported in [26, 27].

The energy of the ferrite band gap is
shown in Table 2. It increases with increas-
ing Zn content (Fig. 4a). Significant wvari-
ations in the energy of the band gap can be
observed due to the difference in the aver-
age crystallite size, lattice constant, phase
purity, concentration of the charge carriers
and deformation of the crystal lattice.

Comparison of the dependences of the
band gap on the composition and the inten-
sities of the peaks in the EPR spectra
makes it possible to determine the most sig-
nificant of the listed factors (Fig. 4b).

The results of processing the EPR spec-
tra of photocatalysts are shown in Fig. 4b.
Two indicators were chosen as the evalu-
ation criterion: the intensity of the peak of
the EPR spectrum and the value of the reso-
nant frequency. Zn2* ions with a fully filled
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d orbital do not contribute to the EPR signal
in the case of an excited state. The depend-
ence of the peak intensity on the number of
electrons in the last orbital can be clearly
seen. For nickel, the number of d electrons is
8, for zinec — 10, for manganese — 5.

Studies of the photocatalytic activity of
ferrites showed that the degree of decompo-
sition of MB in the presence of ferrite pho-
tocatalysts was 90-96 % within 60 min
after UV exposure. Fig. 4 shows that the
photocatalytic activity of ferrites increases
with an increase in the number of Ni ions.
MB degradation increases from 44 % for
MnFe204 to 96 0/0 for N|O33Mn066Fe204 and
N|O33Zn066Fezo4 after 60 minutes of UV
light irradiation.

The results of the reactivity of individ-
ual ferrites are much lower than the double
and triple compositions (Table 2).

4. Conclusions

For wuse as photocatalysts, ferrites
MFe,O,4 (M = Ni, Mn, Zn) were synthesized
by a combined method of coprecipitation
and subsequent plasma treatment.

The regularities of the change in the
properties of ferrites were studied by the
method of simplex lattice planning of the
experiment. The obtained dispersed ferrites
were characterized by X-ray phase analysis,
EPR spectroscopy, UV spectroscopy, vibra-
tion magnetometry. The role of cations in
the decomposition of methylene blue has
been established. The most effective cata-
lysts were ferrites containing nickel. Syn-
thesized samples containing nickel and man-
ganese have high magnetic properties; they
are easily separated from the aqueous solu-
tion under the influence of an external
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Fig.4. Dependences of the band gap energy on
the composition (a); the peak intensity on the
EPR spectrum (b); the degree of decomposi-
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magnetic field. The intensity of the peaks in
the EPR spectrum and the gap energy in
the range correlate with each other. The
degree of MB degradation is inversely pro-
portional to the energy of the band gap.
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