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The nickel ferrite NiFe204 obtained by ceramic technology has been widely studied due to its tremen-
dous properties like high electromagnetic performance, excellent chemical stability and mechanical hard-
ness, and moderate saturation magnetization, making it a good contender for the application as soft mag-
nets and low loss materials at high frequencies. The structure, mechanical, magnetic, electrical and dielec-
tric properties of nickel ferrite are dependent upon several factors including the method of preparation,
sintering time and temperature, chemical composition, type and amount of dopant, grain structure. The
sol-gel with participation of auto-combustion (SGA) technique was used for the synthesis of Nii.«MnxFe204
(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) nanoparticle ferrites. The mixed solution was dried at a temperature
around 403 K. During evaporation the solution became viscous and finally formed a xerogel. At further
temperature rise, the organic constituents are decomposed with the generation of gases such as COgz, N»
and H:20; therefore the xerogel automatically ignited. The auto-combustion was completed within a few se-
conds, yielding the nanopowders of ferrites. Structural parameters, morphology and optical properties were
investigated. The XRD results confirm single-phase formation of the as-prepared samples with 0.0 <x < 0.4
having the Fd3m space group. The NiosMnosFe204 and NiosMnosFe2O4 powders except the spinel phase
contain also additional FeO and Ni phases. The crystallite sizes (27-43 nm) decrease and the lattice pa-
rameters (0.8343-0.8459 nm) increase, while the Mn concentration increases. Morphological observations
reveal that the crystallinity decreases significantly with increasing Mn content meanwhile the particle size
becomes more uniform. It was found that the optical band gap increases with increasing concentration of

Mn2* ions in the ferrite structure. The band gap is in the range from 2.00 eV to 3.26 eV.
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1. INTRODUCTION

The ferrites have various technological applications,
which include spintronic devices, magnetic refrigeration,
high-density recording devices, magneticfluids, and
magnetic coating [1-3]. The Nii.xMnxFe204 ferrites are
ceramic ferromagnetic materials, which possess excel-
lent magnetic and electrical properties useful for elec-
tromagnetic applications [4]. The nanoparticles of fer-
rite materials play a special role. If they are not cur-
rently in use, they are already at the implementation
stage in the energy sector (for example, to increase the
efficiency of conversion of light energy in solar cells), in
biology (the basis for plasmon analyzers of biological
microobjects), in agrarian sector (increase of resistance
against virus diseases of rhizomes) and in medicine
(targeted drug delivery) [5].

Among the various spinel ferrites, the NiFe204 has
been used as a potential catalyst in opto-magnetic and
electronic devices and photo-catalysts [6]. Mainly, the
cation distributions in sub-lattices of spinel influence
the magnetic properties of ferrites. The nickel ferrite is
an inverse spinel, in which half of the ferric ions pref-
erentially fill the tetrahedral sites (A), and the other
ions occupy the octahedral sites (B). The Ni%* ions pref-
erentially occupy B-sites [7]. It is known [8], that in
manganese-doped ferrites, the Mn ions do not have
strong site preference to A or B-sites. The structure
and magnetic properties of ferrites are known to be
very sensitive to preparation methods [9], the sintering
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process and additive substitutions [10]. In addition,
surface spins and reduction of particle sizes also play
an important role in the magnetic parameters of ferrite
nanoparticles. Therefore, to achieve materials of the
desired physical and chemical properties, the prepara-
tion of ferrite nanoparticles through different routes
has become an essential part of research and its devel-
opment.

Therefore, keeping in view the high demand and
importance of magnetic ferrite nanoparticles, the aim
of the present paper is to study the role of Mn2* ions
substitution on structure, optical and magnetic proper-
ties of NiFe204 prepared by the SGA technology.

2. EXPERIMENTS

The substituted by manganese ions nickel ferrites
with the formula NiixMnxFe2O4 (x=0.0, 0.1, 0.2, 0.3,
0.4, 0.5 and 0.6) were prepared by SGA technique. At
room temperature, the X-ray diffraction patterns on
Dron 7 X-ray diffractometer were recorded using CuKa
radiation. The data processing of the diffractometric
experiment was carried out using FullProf program.
The scanning electronic microscopy (SEM) of nickel-
manganese ferrite powders was performed with a Hita-
chi S-4700 electron microscope operating at 20.0 kV.
Light absorption properties of Nii.xMnxFe2Os nano-
crystals were studied by a UV-Vis spectrophotometer
(ULAB 102 UV model).
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3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction (XRD)

Fig. 1 shows the X-ray diffraction patterns of nickel-
manganese ferrite powders. The XRD analysis of samples
Nio.oMno.1Fe204, NiosMnoz2Fe2Os, Nio7MnosFe2Os and
Nio.6Mno.sFe204 revealed the formation of only ferrite
phase. The peaks are indexed to (111), (220), (311), (222),
(400), (422), (511) and (440) planes, which correspond
to the cubic structure of spinel space group Fd3m.
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Fig. 1 — X-ray spectra of Nil-xMnxFe204 powders, where m is
the Ni phase and e — FeO

The NiosMnosFe204 and Nio.sMnoeFe204 powders
except the spinel phase contain also additional phases.
For example, for NiosMnosFe204 sample, peaks 35.96 °,
41.78 °, 60.61 ° at angles 26 are observed that corre-
sponds to the content of FeO phase and peaks 44.01 °,
51.23 ° — to the Ni phase. Similarly, for Nio.4Mno.cFe204
ferrite, the peaks 35.90 °, 41.70 °, 60.59 ° from FeO and
44.01°, 51.30 ° from Ni are fixed. The Nio.sMno.sFe204
ferrite contains 15% FeO and 15% Ni, and the
Nio.sMnoeFe204 sample contains less number of addi-
tional phases — 3 % FeO and 6 % Ni. Additional phases
of these samples can be eliminated by further sintering
at 500 °C for 2 h.
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Fig. 2 — Lattice parameters of Nii..MniFe204 powders

The average size of coherent scattering regions
(CSR) in the powders of nickel-manganese ferrites was
found from the peak (311) using the Scherrer equation:

0.91
S-cos6’

(D) = (1
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where B is the effective half-width of the diffraction
peak for X-rays with wavelength A at an angle 26. The
average size of CSRs of powders was in the range of 27-
43 nm.

Lattice constant of NiixMnxFe204 was determined
from X-ray data analysis. The values of the lattice pa-
rameter increase with an increase in manganese con-
tent from 0.8343 nm to 0.8459 nm (Fig. 2). The results
are in good agreement with Xu et al. [8]. With increas-
ing Mn-concentration, the lattice parameters of Ni-Mn
ferrites increase. It is due to the replacement of the
smaller ionic radius of Ni2* by bigger ionic radius of
Mn?2+, because tetrahedral and octahedral ionic radii of
Ni2* and Mn2?* are 0.055 nm, 0.069 nm and 0.066 nm,
0.080 nm, respectively. [11]. In Table 1, the calculated
crystallite sizes D, lattice parameters a, X-ray density
dx, and molar mass for the Nii.xMnxFe204 powders are
given. The calculated X-ray density is in the range of
5.09-5.36 g/cm?.

Table 1 — Structural parameters calculated from the XRD
patterns of the NiixMnxFez04

X D, nm a, nm M, g mol'! dx, g-cm
0.0 43 0.8343 234.4 5.36
0.1 41 0.8356 234.0 5.33
0.2 38 0.8372 233.6 5.29
0.3 37 0.8385 233.3 5.25
0.4 35 0.8405 232.9 5.21
0.5 30 0.8455 232.5 5.11
0.6 27 0.8459 232.1 5.09

The theoretical lattice constant am for nickel-
manganese ferrite powders can be calculated by the
relation:

o778 :%[(’"A'*ro)‘*\/g('b’“ro)} )

where ro is the radius of oxygen ion (0.132 nm), ra and
rg are the ionic radii of tetrahedral and octahedral
sites, respectively.

According to the Ref. [11], the theoretical ion radii
ra and rp are calculated using the following relations:

ry = r(Fe3*), (3)

g :%[(1—x)~r(Ni2+)+x~r(Mn2+)+r(FeS+)], (4)

where r(Ni2*), r(Mn2*), r(Fe3*) are the radii of the corre-
sponding ions depending on the coordination number.
It is known that in the structure of a spinel, the co-
ordinate number is k = 4 for two valence metal ions and
6 — for three valence. For Goldschmidt, the radii
r(Niz*) = 0.069 nm, r(Mn2*) = 0.080 nm and
r(Fe3) = 0.0645 nm. The dependence of the theoretical
and experimental values of the lattice parameter is
illustrated in Fig. 3, which shows that the lattice pa-
rameter increases with increasing Mn2* content in the
NirxMnxFe204 system. Thus, the theoretical and exper-
imental values of lattice parameters for x < 4 are con-
sistent with each other. For x> 5, a deviation of the
lattice parameter dexp from a:n is observed. The devia-
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tion is due to additional phases of FeO and Ni, which
are associated with the features of the SGA synthesis.
In this connection, the number of Mn2* cations with a
large ion radius in the spinel structure is much larger
than the number of Ni2* and Fe3* cations.

From Fig. 3, it is observed that ionic radius ra on A-
site does not depend on the concentration of Mn2* ions,
and ionic radius rg on B-site increases with increasing
Mn2+ content. This is due to the fact that Ni2+ ions with
smaller ionic radius are replaced by Mn?* ions with
larger ionic radius in B-site.

For the case of an ideal spinel, the oxygen parame-
ter u, which characterizes the location of oxygen ions in
the crystalline lattice, is 0.375. However, in real fer-
rites, the crystal lattice is slightly deformed due to the
action of various factors, such as the size of substitu-
tion ions and the force of interaction between them. For
example, in zinc and iron ferrites, u > 0.375 because
oxygen ions are shifted from the ideal location in the
direction (111), which leads to the increase of the dis-
tance between the A-sites, and distance between the B-
sites is reduced. Consequently, the oxygen parameter
depends on the chemical composition of the ferrites, as
well as on the method of their receipt.
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Fig. 3 — The mean ionic radii per molecule of the A and B-
sites

The anion parameter for the NiixMnxFe204 system
is determined by the ratio [12]:

1 1
UZE'(VA‘FTO)‘FZ. (5)

It is known that the elementary cell is divided into
eight octants. The location of ions is the same in the
neighboring octants, which are separated by edge and
is different in the octants that are separated by a face.
The radius of the sphere inscribed in the tetrahedron of
undistorted oxygen sub-lattice is 0.227 of the radius of
the oxygen ion O%-. The radius of the sphere inscribed
in the octahedron is a slightly larger — rp=0.418 'ro.
The oxygen parameter u decreases (0.3863-0.3850)
while the Mn-concentration increases.

3.2 Morphology Study

The SEM micrographs of prepared NiixMnxFe2O4
particles are given in Fig. 4a, b. Fig. 4a shows the sur-
face of the pure nanocrystalline NiFe20O4 sample, which

J. NANO- ELECTRON. PHYS. 11, 03021 (2019)

appears as accumulative globular particles. The aver-
age diameter of these particles is about 50 nm, which is
in agreement with average size of CSRs calculated by
the Scherrer equation. The morphological features of
Nio.sMnosFe20s4 powder is illustrated in Fig. 4b. The
presence of porous agglomerates composed of individu-
al spherical particles is shown in Fig. 4b. The average
size of agglomerates does not exceed 150 nm.

3.3 Optical Studies

In Fig. 5, the UV-V is absorption spectra of the
NirxMnxFe204 ferrite powders are shown. Using the
fundamental relationships [13], the absorption coeffi-
cient a of the particles was calculated.

Using the Tauc’s relation, the band gap of Ni-Mn
ferrites is determined as [14]:

ahv=A(hv-E,)", (6)
where E; and hv are the band gap and the photon en-

ergy in eV. For all samples, the graph of (ah1)? versus
hvwas plotted (Fig. 6) to determine the energy band gap.

Fig. 4 — SEM micrograph of Ni-Mn ferrites: a — NiFezO4 and
b — Nip4 hﬁllue}vez()4
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Fig. 5 — The optical absorption spectra of Ni.Mn ferrites
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The value of the energy band gap was obtained by ex-
trapolation of the line at «= 0.

The energy band gap of SGA-powder nickel ferrite
with an average particle size of 43 nm is equal to
2.00eV [7]. On the other hand, E;=1.91eV for
NiFe204 with a particle size of 61 nm. For all other
samples, the values of the energy band gap are listed in
Table 2 and were found in the range of 2.00-3.26 eV.
There is blue shift for all Mn-doped samples indicating
that these nanoparticles may have visible-light photo-
activity. This is mainly attributed to the reduction in
crystallite size of powders as Mn content increases.
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Fig. 6 — Tauc plot of (ahv)? as a function of photon energy hv

Table 2 — Optical characteristics of Ni-Mn ferrites

x A, nm Eg, eV E; [6], eV
0.0 620 2.00 2.02
0.1 612 2.03 2.11
0.2 562 2.21 2.17
0.3 520 2.39 2.25
0.4 459 2.71 2.33
0.5 409 3.04 2.42
0.6 381 3.26 —
REFERENCES

1. D.T.T. Nguyet, N.P. Duong, L.T. Hung, T.D. Hien, T. Satoh,
J. Alloys Compd. 509, 6621 (2011).

2. B.K. Ostafiychuk, V.S. Bushkova, V.V. Moklyak, R.V. Ilnitsky,
Ukr. J. Phys. 60, 1234 (2015).

3. Abdullah Ceylan, Sadan Ozcan, C. Ni, S. Ismat Shah, J. Magn.
Magn. Mater. 320, 857 (2008).

4. J. Hu, T.W. Odom, C.M. Lieber, Acc. Chem. Res. 32, 435
(1999).

5. S.D. Bader, Rev. Modern Phys. 78, 1 (2006).

6. C. Barathiraja, A. Manikandan, A.M. Uduman Mohideen,
S. Jayasree, S. Arul Antony, J. Supercond. Nov. Magn.
(2015).

7. Vira S. Bushkova, Ivan P. Yaremiy, /. Magn. Magn. Mater.
461, 37 (2018).

J. NANO- ELECTRON. PHYS. 11, 03021 (2019)

In Ref. [6], Ni1.xMnxFe204 particles prepared by a
facile microwave combustion method using urea as the
fuel were studied by UV-Vis spectroscopy. The average
crystallite sizes of the powders were in the range from
11.49 nm to 17.24 nm, moreover, the particle size de-
creases with increase of Mn2* ions. The values of band
gap were found in the range of 2.02-2.42 eV. The in-
crease in band gap and decrease in refractive index
have been observed also with increasing concentration
of Mn?* ions. Thus, the band gap of Ni-Mn ferrite pow-
ders increases with manganese concentration due to
the decrease in average crystallite sizes. The decreas-
ing crystallite size of Ni-Mn ferrite powders leads to
the shift in E; that is the result of quantum confine-
ment effects. Therefore, these samples can be used for
making optical devices.

4. CONCLUSIONS

The NiixMnxFez04 ferrites were synthesized by the
SGA technology. For samples with 0.0 <x < 0.4, single-
phase powders with a cubic structure of spinel space
group Fd3m were obtained. Other samples were non-
phase and contain additional FeO and Ni phases. The
size of powders was found to be in the range from 27 to
43 nm. The lattice parameter increases from 0.8343 nm
to 0.8459 nm because the replacement of smaller ionic
crystal radius of Ni2+ by larger Mn2* occurs. The major
effect on the surface morphology of the Ni-Mn ferrites
had additional manganese. The addition of MnZ* ions
contributes to the more uniform particle size and caus-
es its decrease. X-ray density decreases with increasing
Mn concentration in the Ni-Mn ferrites and is in the
range of 5.09-5.36 g/cm3.

For all investigated powders, it was revealed that
the allowed direct transition of electrons from the va-
lence band to the conduction band is inherent. The in-
crease of Mn?* cations in the Ni-Mn ferrites leads to an
increase of the optical band gap from 2.00 eV to 3.29 eV.

8. J. Xu, L. Ma, Z.Z. Li, L. L. Lang, W.H. Qi, G.D. Tang,
L.Q. Wu, L.C. Xue, G.H. Wu, phys. status solidi b 252
2820 (2015).

9. V.S. Bushkova, B.K. Ostafiychuk, Powder Metall. Metal
Ceram. 54, 509 (2016).

10. V.S. Bushkova, J. Nano- Electr. Phys. 8, 01002 (2016).

11. Hafiz M.I. Abdallah, Thomas Moyo, J. Magn. Magn. Mater.
361, 170 (2014).

12. M.A. Ahmed, E. Ateia, L.M. Salah, A.A. E1-Gamal, Mater.
Chem. Phys. 92, 310 (2005).

13. M. Srivastava, A.K. Ojha, S. Chaubey, and A. Materny, <J.
Alloy. Compd. 481, 515 (2009).

14. D. Rekha, R. Subasri, K. Radha, H. Pramod Borse, Solid
State Commun. 151, 470 (2011).

03021-4


https://doi.org/10.1016/j.jallcom.2011.03.112
https://doi.org/10.15407/ujpe60.12.1234
https://www.sciencedirect.com/science/article/pii/S0304885307008839#!
https://www.sciencedirect.com/science/article/pii/S0304885307008839#!
https://www.sciencedirect.com/science/article/pii/S0304885307008839#!
https://www.sciencedirect.com/science/article/pii/S0304885307008839#!
https://doi.org/10.1016/j.jmmm.2007.09.003
https://doi.org/10.1016/j.jmmm.2007.09.003
https://doi.org/10.1021/ar9700365
https://doi.org/10.1103/RevModPhys.78.1
https://doi.org/10.1007/s10948015-3312-2
https://doi.org/10.1016/j.jmmm.2018.04.025
https://doi.org/10.1016/j.jmmm.2018.04.025
https://doi.org/10.1002/pssb.201552260
https://doi.org/10.1002/pssb.201552260
https://doi.org/10.1007/s11106-016-9743-x
https://doi.org/10.1007/s11106-016-9743-x
https://doi.org/10.21272/jnep.8(1).01002
https://doi.org/10.1016/j.jmmm.2014.02.077
https://doi.org/10.1016/j.jmmm.2014.02.077
https://doi.org/10.1016/j.matchemphys.%202004.05.049
https://doi.org/10.1016/j.matchemphys.%202004.05.049
https://doi.org/10.1016/j.jallcom.%202009.03.027
https://doi.org/10.1016/j.jallcom.%202009.03.027
https://doi.org/10.1016/j.ssc.2010.12.034
https://doi.org/10.1016/j.ssc.2010.12.034

SOL-GEL SYNTHESIS, STRUCTURE AND OPTICAL PROPERTIES ... J. NANO- ELECTRON. PHYS. 11, 03021 (2019)
30J1b-T€JIb CUHTE3, CTPYKTYPAa TA ONTUYHI BJIACTUBOCTI HiKe/Ib-MapraHueBux gepuris
B.C. Bymkogal, I.I1. Apemiiil, B.K. Ocradiituyx!-2, H.I. Pisauuyk!, P.C. Cosogeii!

I Ilpukapnamcvkutl HayioHabHull yHigepcumem im. B. Cmegpanura, 57, ayn. Illesuenra, 76025 Isaro-
Dpankiscok, Yrpaina
2 Inemumym memanogpizuxu im. I.B. Kypowomosa, HAHY, 36, 6ysaveap Axad. Bepradcvkozo, 03680 Kuis, Yipaina

Bnacrturocri depury mixemo NiFe:Os, oTpumaHOro 3a KepamivyHOI TEXHOJIOTIEH, € IIMMPOKO BUBYEHI,
OCKIJIBKM BIH BOJIOMIE BHCOKOIO €JIEKTPOMATHITHOIO IIPOIYyKTUBHICTIO, BIAMIHHOI XIMIYHOI0 CTA0LILHICTIO 1 Me-
XAHIYHOI TBEP/IICTIO, a TAKOK IIOMIPHOI0 HAMATHIUEHICTIO HACHYEHHS, 110 POOUTH MOr0 XOPOIIKMM IIPEeTeHIeH-
TOM y 3aCTOCYBAHHI SIK M'SIKOI0 MATHITHOIO MaTepiajly 3 HU3BKHMH BTpaTaM{ HA BHCOKHX yacToraxX. CTpyk-
Typa, MEeXaHIYHl, MATHITHI, eJIEKTPUYHI Ta IieJeKTPHYHI BJIACTHBOCTI (PepUTY HIKEJIO 3aJIesKaTh Bl JTeKLIb-
KOX (paKTOpIB, BRJIIOYAIOYH CITOCIO IMIPUTOTYBAHHSI, Yac 1 TEMIEPAaTypy CIIKAHHS, XIMIYHHN CKJIAJ, THII 1 KiJIb-
KICTB JIET'YIOUOl JOMIIIKHM Ta 3epHOBY cTpyKTypy. s curresy NiixMniFe:Os (x =0.0; 0.1; 0.2; 0.3; 0.4; 0.5 1
0.6) HAaHOYACTHUHOK (pepuTiB OYB BUKOPHMCTAHUM METOJ 30JIb-TreJib 3a ydacTi aBroropirua (3['A). Orpumanmit
posunH Oyso BucyiieHo 3a temueparypu osmabko 403 K. Ilig yac BumapoBaHHS pO3YMH IIOCTYIIOBO CTABaB
B'SI3KMIMH, B Pe3yJIbTaTi 40ro chopMyBaBCs KCeporesib. 3a MMOJAJIBIIOr0 IiABUIIEHHS TEMIIEPATYPH OpraHIdHl
CKJIAZIOBI PO3KJIAJIHCS 3 yTBOpeHHsM Takux rasdis, sk COz, N2 1 H20. IIporec aBromaTrysoro aropasus Kcepo-
TeJII0 3aBEPIIHUBCS IPOTATOM JIEKLIBKOX CEKYH/I, II0 IIPH3BEJIO 0 YTBOPEHH HaHOIOPOIIKIB depuris. [ocsi-
JIPKEHO CTPYKTYPHI IapaMeTpH, MOP(OJIOTiio Ta OIITAYHI BJIACTHBOCTI MMOpOInKiB. Pedymbratu X-mpoMeHeBuX
JIOCJTI/IPKEeHD ITITBEPPKYIOTh YTBOPEHH:A 01HO(a30Bux moporkiB A 0.0 < x < 0.4 mpocropoBoi rpymm Fd3m.
Tlopourku NiosMnosFez04 Ta Nio.sMnosFe2O4, kpim dasu mminesi, mictaTh Tako:x gonatkosi gasu FeO Ta Ni.
Poamipm xpucramitie (27-43 M) ameHnryiorbes, a mapamerp rpartkn (0.8343-0.8459 HmM) 30LIBIIYyETHCS TPU
301bnreHH] KoHIteHTparii 10HiB Mn. Mopdosoriusi criocrepeskeHHs MOKA3yI0Th, 1110 KPACTAIIYHICT 1ICTOTHO
3MEHIIyeThCs Ipy 3011bireHH] BMicTy Mn, a po3mip JacTHHOK cTae 611bIn ogHOpigHUM. BeranoBseHo, mio orm-
TUYHA IIAPUHA 3a00POHEHO0I 30HU 30LIBIIYEThCSI 3 POCTOM KOHIIEHTpaIlil 10HiB Mn2* y depuTOBiil CTPYKTYPI.
IlMupuaa 3a60poHEHOI 30HN 3HAXOOUTECA B miamnasoni Big 2.00 eB mo 3.26 eB.

Kmiouosi cnosa: ®epur, Hamomnopotok, 30Jb-resib 3a yuacrti aBroropiass, [llupuna 3abopoHeHol 30HH.
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