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Abstract

Cobalt-zinc ferrite nanoparticles (NPs) substituted with three different metalgrcsReFe.-

«O4 (RE = Ce, Dy, and Y; 0.0& x < 0.05) were prepared hydrothermally. Fourier Transform-
Infrared (FT-IR) Spectroscopy, X-ray powder diffraction (XRD), Field-Emission Scanning
Electron Microscope (FESEM) coupled with energy-dispersive X-ray spectroscopy (EDX) and
Vibrating Sample Magnetometry (VSM) analyzed the products. The formation of cubic phase of
spinel Co-Zn ferrite NPs were confirmed through XRD, FT-IR and FE-SEM techniques. The

structural investigation of NPs by XRD revealed that the lattice parameter "a" decreases with the
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introduction of the RE in the ferrite structure the substitution of F& by RE ions. The
different magnetic parameters of s8ny sReFe,«O4 (RE = Ce, Dy, and Y; 0.0 x < 0.05)
NPs such as the saturation magnetization, coeycir@manence, and magnetic moment were
calculated and discussed in relation to structackraicrostructure properties. M (H) hysteresis
curves indicated that the samples exhibit supenpagaetic nature at room temperature. A slight
improvement in the magnetization was obtained eslhgcfor the Ce- and Y-substituted
CopsZnosFe0, (CZF) NPs at a certain RE level. However, the cBsesubstituted CZF
products showed a sharp decress¢he magnetization with x > 0.01. The results erestly

ascribed to the substitution of smallefFens with larger RE' ions.

Keywords: Spinel ferrites; Rare earth substitution; Hydrotha&; Morphology; Magnetic

properties.
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1. Introduction

Ferrites are the combination of iron oxides andatsetwhich have been mostly used in
electromagnetic and biotechnology applications ][1E&rrites have extraordinary, electrical-
chemical stability, mechanical hardness and highmpability properties that are mostly
preferred in high-frequency devices [3]. Spinefiter(MFeO,) is a face center cubig-CC)
structure, whereas oxygen represents anions ananétal cations e.g., M§ Cd*, Mn**, Cc*,
Zn**, Ni**. A spinel ferrite unit cell contains eight formulaits whereas each unit cell comprises
of 64 and 32 tetrahedral (A) sites and octahedals(tes, respectively [4]. Spinel ferrites are
very ideal and suitable materials in various tetbgical and industrial application like high-
density storage media, electrochemical supercapacitaterial, microwave absorbers,
transformer cores, rod antennas, gas sensing elgntgypothermia for cancer treatment and
magnetic drug delivery [5-8]. Many researchers Haaen investigated that physical, dielectric,
magnetic, optical and chemical characteristicsdmgends upon the composition, substitution,
and methods of preparation [6,9]. The effect ofctetenagnetic properties depends by

substituting the metal ions into spinel structur@] |

The rare earth ions with a stablelenceof 3+ and large radius that can be made appropriate
modification the ferrites structure. Furthermoies tare earth is an alternative and economical
source to improve electromagnetic properties [Nijmbers of devices have been focused to
improve the superparamagnetic and ferrimagnetipgt@s, besides that quantum tunneling
effect has been achieved by nano-magnetism innfagmnetic materials [12]. The rare earth

doping in nanospinel ferriteds highly recommended to enhance the electric algn@tic
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properties of the ferrites (due to their stronghsmibit coupling of unpaired 4f electrons) [13-
16]. Lanthanides series (Ce to Y) are the specificcern as the dopant in ferrites [17]. Rare
earth substitution in ferrites can be easily indutge increasing ionic radii, micro-strain and
control the magnetic parameters [18]. The electgmatic properties subjected by spin coupling
of the 3 electrons. The magnetic and electrical properimegroved when rare earth ions
incorporate the spinel lattice and great interacbbrare earth and iron @34f coupling) of the
ferrites [19]. It has been reported that the ranghesubstitution is very useful to intensification
the lattice parameter and reduced the particleddigee NPs [20]. Similarly, the incorporation of
Gd** ions in cobalt zinc ferrite has been improvedeétestrical and elastic properties of ferrites
[21]. The substitution of Sthand Pf* ions displays the high magnetization of spindiifeq22].

The doping of rare earth ions in Ni-Zn ferrites uedd the dielectric loss that is highly
recommended for high-frequency applications [28has been published that magnetic loss and
permeability can be increase by®[.aubstitution in Ni-Cu-Zn ferrite [24]. The dopimg Dy**

and C&" ions in Co-Zn ferrite are very suitable for incseahe magnetic hardness and magneto-

caloric applications [19,25].

In this paper, the influence of the incorporatidnRiE (Ce, Dy and Y) on the morphological,
structural, and magnetic properties ofo&ng sFe&04 NPs synthesized by hydrothermal method

were explored.

2. Experimental

2.1. Materials and Instrumentation



CoysZnosReFe O, (RE = Ce, Dy, and Y; 0.06< x < 0.05) NPs were synthesized
hydrothermally. Zinc (ll) nitrate (Zn(N§)), Iron (lll) nitrate hexahydrate (Fe(NJ2.6H20),
Cobalt (l) nitrate (Co(N@)2), Cerium (lll) nitrate (Ce(Ng)2), Dysprosium (lll) nitrate
(Dy(NOs)3) and Yttrium Nitrate (Y(NQ@)3.6H,O) were employed as initial materials for
preparation All chemicalswere purchased from Merck and used without furghnification.
The XRD analysis was conducted by a Rigaku BencMmjflex X-ray diffractometer with Cu
K, radiation at room temperature (RT). Fourier transfinfrared spectra were recorded using a
Bruker FT-IR spectrometer between wavenumbers 4@D-<m™. A field-emission scanning
electron microscope (FESEM; FEI Titan S/T) coupledth energy-dispersive X-ray
spectroscopy (EDX) was used to investigate theétégparticle morphology. Magnetic properties
of the ferrites were analyzed using a Quantum Dess®QUID with a vibrating sample
magnetometer (VSM) head at RT. Optical propertiedRs were studied by a Visible Evolution
220 Thermo UV Spectrophotometer with an IntegraBptpere Accessory for diffuse reflectance

(DR) studies.

2.2. Method

CosZnosReFe O, (RE = Ce, Dy, and Y; 0.00s x < 0.05) NPs were fabricated

hydrothermally. For each composition, stoichiontetmounts of Co (ll), Zn (ll), and Fe (IlI)
nitrate salts were dissolved in 15 ml of@Hthen diluted to 30 ml with DI 0. In addition the
stoichiometric amount of Ce(Nf2 salt was dissolved in 7 ml of concentrated HClhaating
and stirring. Then two metal nitrate solutions wadgled to a flask, stirred for 30 min. Next,

NaOH solution was added to the metal precursorurexto adjust the pH to 12, which was



followed by continuous stirring for another 30 mifhe mixture then was pre-treated in an
ultrasonic bath during 30—40 min. The final solatiwas transferred to a stainless steel Teflon
autoclave (200 ml) and kept in an oven at 180°CLfir. The powder obtained was washed with
three times with DI KO and left to dry overnight. Subsequently, thedsplioduct was calcined
in a muffle furnace at 800°C for 5 h. Dy and Y dithted C@ sZng sREFe,xO4 (0.0< x < 0.5)

NPs were prepared with the same procedure aboye [26

3. Results and discussion

3.1. XRD analysis

The X-ray powder patterns of g&n sReFe, O, (RE = Ce, Dy, and Y; 0.0 x < 0.05) NPs

are displayed irrig. 1, whichconfirmed spinel structure formation with the (22(311), (400),
(422), (511) and (440) hkl values (JCPDS Card N©193-5821). No peaks belong to additional
second phase were detected. Furthermore, it wasogp that the RE are distributed well
throughout the cobalt spinel crystal. The strudtperameters are calculated through Rietveld
refinements by Match 3! Software and presented abld 1. It is expected that the lattice
parameter 'a’ will increase because of the suligiits of RE atoms which a larger size with the
host Fe atoms which have a smaller size. Howetés,noticeable in this study that the lattice

parameter “a” is decreased with introducing the REthe ferrite structure. Indeed, the
introduction of larger RE ions into the structure of CZF will lead to digttite octahedral and
tetrahedral symmetryThis results in tccreate of Fe vacancies that could decrease theelatt

parameter [27]. The average crystallites sizeggPwere calculated for all compositions and



are presented in Fig. 2. The obtained values gipDanging between 7.5 and 11.7 nm for

different produced GgZng sReFe 04 (RE = Ce, Dy, and Y; 0.06: x < 0.05) NPs.

Table 1.

Fig. 1.

Fig. 2.

3.2. FT-IRanalysis

FT-IR spectra of CgZnpsReFe O, (RE = Ce, Dy, and Y; 0.06s x < 0.05) NPs are

displayed in Fig. 3. All compositions demonstrate tcharacteristic peaks of cobalt ferrite
around 571 and 400 ¢mThese peaks correspond to Co-O and Fe-O bondisI{28as found
that the peak at 571 chrshifted toward higher frequency since the distaneveen FE€— 0%
decreases [29The bands at 2979 and 1056 tian be assigned to C-H and Gsénds, which
result from the combustion of citric acid during threparation process, while the band at 1360

cm’ is assigned to N group.



Fig. 3.



3.3. % Diffuse Reflectance study

Optical properties of GaZnysReFe, 04 (RE = Ce, Dy, and Y; 0.08 x < 0.05) NPs were
studied by a UV-Vis spectrophotometer with an inétigg sphere attachment for the
measurement of diffuse reflectance. TheDR spectra of CgsZnysReFe.xOs (RE = Ce, Dy,
and Y; 0.00< x =< 0.05) NPs at different composition were recordedhe 200-800 nm
wavelength range and are depicted in Fig. 4-6aift also be inferred from both figures that all
spectra absorb the light energy. The band gap gniig of all products was studied by
Kubelka-Munk theory [30]. The band gap energy &f HPs was computed by the Tauc equation

as stated in [30] and displayed as the plaits)¢ vs. photon energyhy) (Fig. 4-6).

The band gap values for £ nysCeFe <04 (0.00 < x < 0.05) NPs are shown in Fig. 4 and

are 0.77, 0.26, 0.25 and 0.25 eV for x= 0.00, 000@3 and 0.05, respectively. It can be easily
concluded that when value of x is increased, thedbgap value is reduced. However, no
significant variation was observed for differenncentrations. Fig. Shows the plot ofofv)? vs.

(hv) for Cay sZnosDyxFex04(0.00 < x = 0.05) NPsThe band gap values obtained were 0.49,
0.24 and 0.18 eV for x = 0.01, 0.03 and 0.05, retpely. The band gap value for

Coy.sZng sDy«Fe xO4s NPs became quite narrow upon increasing conceortrafix.

The band gap values for £2nysY«Fe <04 (0.00 < x < 0.05)NPs were observed 0.24, 0.22
and 0.23 eV for x= 0.01, 0.03 and 0.05 respectiaslyshown in Fig. 6. It was noticed that the
increase in concentration does not display a snobatachange on the band gap of
CoysZnpsY xFexO. However, as compared to x= 0.00, the band glye &t Ce sZno sY xF&xO4

was reduced in other samples.



Fig. 4.

Fig. 5.

Fig. 6.
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3.4. Morphological analysis

Further structural evaluation of €2ng sReFe.x0O4 (RE = Ce, Dy, and Y; 0.0& x < 0.05)

NPs was accomplished by SEM and EDX (Fig. 7 and &igThe images exhibited highly
agglomerated nanoparticles with inhomogeneous ildigion, which is similar in all

compositionsThis is most probably due to the magnetic dipoterarctions between these
nanoparticlesThe EDX analysis approved the presence of RE inptlepared samples as
shown in Fig. 8. For all products, the experimenales are in well agreement with the
calculated values indicating that RE substituted sZm, s spinel ferrites were successfully

synthesized.

Fig. 7.

Fig. 8.

11



3.5. VSM Analysis

The PPMS-VSM method was employed to explore thenmidg behavior of spinel ferrite
NPs under a magnetic field, M (H) between -10 k@& 80 kOe at RT. Figure 9 shows the
M (H) hysteresis loops of GeZnysReFexO4 (RE = Ce, Dy, and Y; 0.06= x < 0.05) NPs
where the saturation magnetization s(Mretentivity (M) and coercive field (FJ can be
deduced The magnetic field applied is enough for satagatthe various produced NPs.
Stoner-Wohlfarth (SW) approximation was used tawalte M values [31, 32]. A typical
example for determining value of Nbr x=0.0 sample by the extrapolation of the csroé
M vs. 1/H plot to approach zerds illustrated as seeim Figure 10.Synthesized ferrites
exhibit values of Mvarying in the ranges of 34.7 — 40.8 emy-$3.6 — 39.9 emu-gand
35.2 — 41.8 emuyfor CoysZnosCeFerxOs CoysZNo DY Fe,0s and C@sZnosY xFeOs
NPs respectively. The values of remanent magnetizgM,) are in the intervals of 0.23 —
2.20 emu-g, 0.16 — 2.03 emu/g and 1.64 — 2.51 erifufay Ce-, Dy- and Y-substituted CZF
products, respectively. The coercivity JHs very narrow for various ferrite products.
Therefore, it can be deduced that the &0, sREFexO, (RE = Ce, Dy and Y; 0.08 x <

0.05) NPs display a superparamagnetic (SPM) behavio

The various determined magnetic parameters gf M}, H. and SQR (squareness
ratio), which is defined as the ratio of/Ms, for different CgsZnyosREFexO4 (RE = Ce,
Dy and Y; 0.00< x < 0.05) nanopatrticles are recorded in Table 2. Tddaevof M of the
pristine sample (x = 0.0) is about 39.9 emu-Bhe M value found in the present work for
CZF NPs is smaller than thesMf bulk CZF ferrite (~80 emu-y [33, 34]. In addition, the
obtained values of Mfound in our study for various products are gredkan that of
CZF NPs studied in previous reports [35, 36]. Toedr M; value in comparison to bulk
product is mainly a result of small size of cryltiad that conduces to a structural disorder on

the surfaces of NPs because the spins disordenpertant once the ratio between surface
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and volume is important [37]. Other factors thaginiplay a role in the low Mvalues in
NPs can be the formation of a magnetic dead lajisgrderly cation distribution on NP
surfaces, the spin canting effect due to compedintiferromagnetic interactions, etc. [38,
39]. Any variation in the nature and concentratdmons in A and B sites results in different
values of magnetization when compared to the reteresalues. The values ofsMo not
exhibit a similar trend in different synthesizedogucts for the same level of RE
concentration (x). For G@Zny sCeFe O, (0.00< x < 0.05) NPs, the value of Mncreases
slightly for x = 0.01 compared to the sample where 0.00 and then decreases with further
increasing Ce content. In the case of Dy-substt@&F NPs, the Mshows a sharp decrease
with x > 0.01. For Y-substituted CZF NPsgMalues are comparable for x = 0.00 and 0.01
products, decrease when x = 0.03 and then incxglase x = 0.05 with the Mbeing greater
than that of pristine sample. Generally, the magr@bperties of spinel ferrites are greatly
affected by various factors such as the variatiorthie crystallites size, changes in the
magnetic momentsng), preferred site occupancy of different ions, &onation of local
strains. [40-43]. The disordered cation distribngioand the super-exchange interactions
among various ions may also play a role on the mgmproperties [40]. As it is widely
known, the magnetic moment of spinel ferrites o@ges from the P& ions. The
magnetization of the ferrites is mainly ruled by tthistribution of iron ions in the crystal
lattice sites and thus varies with the elementscllaffect the strength of the exchange
interactions in the P&O-Fe'* linkage (spin couplings of the 3d electrons) [44]. After the
inclusion of RE ions inside the crystallographictite, the RE'-O-F€* exchange
interactions take place through the 4f—3d couplenys start to have a considerable influence.
The RE-O-Fe interactions could result in changingthe magnetizations. Nevertheless,
because they are derived from the indirect 4f-5d46douplings, the interactions between

RE-O-RE are considerably weak [40, 44]. A-B exclemgteractions can be accounted
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responsible for the improvement (or decrease) enMh value with RE-substitutions. In the
ferrites, trivalent ions strongly prefer to occuBysites, whereas divalent ones may occupy
both A and B sitesin addition,the site preference of different ions is dependenthe radii

of host and substituted ions. The ionic radii of*Fens are smaller than of the radii of ions
of RE elements. It isvell knownthat the B sites are greater when compared wisiites and

it can be anticipated that the A site will be predd by the smaller ions [44]. Therefore, the
replacement of Fé (0.64 A) by RE* (> 0.9 A in this study) on the B sites, which is
principally responsible for magnetization can expléthe reduction in magnetization. In
addition, the ions of P& substituted by RE ions that exhibit greater ioidius will lead to
increase the distances among different ions, andcassequence the A-B exchange
interactions strength will be reduced. In additithe spins will be the dominant and powerful
factor owing to the quenching of the orbital monuem{44]. This will result in a reduction in
the magnetization. The REions are greatly paramagnetic (PM) nature; thereforethe
ferromagnetic (FM) region is reduced while the Ridreases by the replacement of‘Fens

by RE ions [44]. In addition, the larger radiusRE>* ions compared to Féions will result

in an incomplete introduction of all the RE ionsitthe crystallographic lattice of the ferrites.
Consequently, some REions possibly reside at grains boundaries andteratra-thin
isolating layers around the grains during the singestage [45]. This could decrease the
strength of magnetic interactions and lead to aedese in the M Moreover, the difference in
the ionic radius and magnetic moments of the hodtsabstituted ions could generate local
strains that cause the deviations in the electrstaites and the disorder in the ferrite system
[40-43]. Furthermore, the variation in the valuésheny could explain the behavior of M

The experimental values af;, are deduced via the following expression [42]:

ng = (Molecular weight x M) /5585
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The calculated values af; for CaysZng sRExF&xO4 (RE = Ce, Dy and Y; 0.08 x < 0.05)
NPs are listed in Table 2. Itigell knownthat theny values are increased (or reduced) due to
a rise (or decline) in theuper exchangiateractions among the A and B sites. It was found
the present study that the product with the highéstalue exhibits the highesf; value.
This is a consequence of the intensificatiorsgber exchangmteractions among the A and
B sites. In contrast, the lowes} value is expressed by the product with lowestvMue. As
mentioned above, the variations in the averagengaie or average particle size have an
influence on the magnetic characteristics of spfagites. Usually, the values of magnetic
parameters decrease with decreasing the averages gize. Vice versa, the values of
magnetic parameters increase with increasing teeage grains size. In the present work, the
variations of average crystallites size as showrFign 2 exhibit a similar trend of M

evolutions.

The changes in Mwith respect to the content of RE substitutionrswspractically the
similar evolution tendencies of thesMt was noted that the evolution in the Malues is
dependent primarily on the change in saturation maigation values and on the net
alignment of the magnetization of grains inducednfrthe super exchange interactions
among NP446-48]. For CgsZngsCeFexOs, CysZngsDyxFe <04 and C@sZnysY xFe <Oy
NPs, SQR values are found to be in the ranges06f70- 0.054, 0.028 — 0.051 and 0.047 —
0.060, respectively. Consistent with S-W law, tlg@gRSwas calculated as 0.830 and 0.500 for
cubic and uniaxial anisotropy, respectively [31].4%e obtained values of SQR are below
the 0.500 value, revealing the uniaxial anisotrégyvarious synthesized GeZnysREFe..
xO4 (RE = Ce, Dy and Y; 0.08 x < 0.05) NPs. In addition, the SQR values are mualeto
than 0.5, which may possibly be ascribed to theatsfof surface spin disorder. The values of
H. are found to be in the intervals of 43.1 — 57.3 £%2 — 50.5 Oe and 31.9 — 61.2 Oe for

Ce-, Dy- and Y-substituted CZF NPs, respectivelgvéitheless, the values of Bihd M are
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negligible, indicating the SPM behavior in varique®duced NPs. In general, the coercivity
depends on several factors including the magnefstaltine anisotropy, morphology, size
distribution, grain size, shape anisotropy, excleaogupling between the collinear spins in
the core and the canted spins on the surface[5&&2]. It is known that the variation of;H
and crystallites size possess reciprocal relatiorhis study, it can be clearly observed that

the increase (or decrease) igrP is followed by a decrease (or increase) in H

Fig. 9.

Fig. 10.

Table 2.
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4. Conclusion

CasZnosREFex0O4 (RE = Ce, Dy, and Y; 0.06s x < 0.05) NPs were successfully

prepared through hydrothermal process. The formatfccubic phase of spinel Co-Zn ferrite
NPs was confirmed by FT-IR, XRD, FE-SEM and EDX.eTlattice parameter "a" is
decreased with the introduction of the RE in theitke structure. It was found that the
introduction of larger RE ions into the structure of CZF NPs leads tdistortionin the
octahedral and tetrahedral symmetry and hencettebdild Fe vacancies, which decreases
the lattice parameter. The magnetic properties@fsZ sRExFe.xO4 (RE = Ce, Dy, and Y;

0.00 < x < 0.05) NPs were analyzed by VSM. The (H) hysteresis loops indicated

superparamagnetic nature at room temperature fibereit synthesized products. The
magnetizations are slightly improved at a certaihl&sel for the Ce- and Y-substituted CZF
NPs. However, the magnetization values displayatiaap decrease for the Dy-substituted
CZF NPs with x > 0.01. The substitution of F®ns of smaller ionic radii witiRE>* ions of
larger ionic radii can be held accountable for tasults obtainedThe improvement (or
decrease) in the values of various magnetic paemetith RE-substitutions is attributed to
the site preference of different ions. That depemshe ionic radii of host and substituted
ions, to the strengthening (or reduction) of th®& A&xchange interactions, the generation of
local strains, the increase (or decrease) in valiesagnetic momentgh and the increase (or

decrease) of average crystallites sites.
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Table 2.

Ms (emu-g") M, (emu-g") SQR H, (Oe) ng (1tg)
X RE Ce Dy Y Ce Dy Y Ce Dy Ce Dy Y Ce Dy Y
0.00 39.9 39.9 39.9 2.03 2.03 2.0 0.051 0.051 0.051 5 50.50.5 50.5 1.70 1.7Q 1.7¢
0.01 40.8 37.8 40.2 2.20 1.17 2.1 0.054 0.081 0.054 1 43.29.2 47.2 1.74 1.61 1.72
0.03 37.5 13.6 35.2 1.70 0.14 1.6 0.045 0.012 0.047 8 53.37.3 61.2 1.61 0.58 1.5(
0.05 34.7 18.7 41.8 0.23 0.3( 2.5 0.007 0.016 0.060 3 57.25.2 31.9 1.50 0.81 1.8(
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